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ABSTRACT 
Glycoside hydrolase family 44 (GH44) remains one of the smallest and least studied families 
of cellulases. The cellulosome of Clostridium acetobutylicum ATCC 824 contains the gene 
CAC0915, which codes for a putative extracellular GH44 catalytic domain with a C-terminal type I 
dockerin domain. The GH44 catalytic domain was synthesized with codon modifications, ligated 
into the expression vector pET–22b, and transformed into Escherichia coli BL21 (DE3). 
Expression during cell growth was induced by isopropyl-β-D-thiogalactopyranoside and the 
recombinant protein, produced as a fusion protein containing a C-terminal His6-tag, and isolated 
from the harvested cells’ cytoplasm after sonication. The enzyme has a mass of approximately 57 
kDa and was present in the soluble fraction from the cell lysate, which was subsequently purified 
by affinity and gel filtration chromatography. The enzyme degrades CMC and xylan and is most 
active on those substrates at the pH values of 4 and 6, with specific activities of 7.8 and 5.9 µmol 
reducing sugar/mg protein-min, respectively. This enzyme is active at 50°C but appears to be 
unstable at that temperature without the presence of substrate. Further characterization is pending. 
This enzyme is not active on crystalline cellulose. 
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INTRODUCTION 
Recent decades have seen a growing research endeavor to develop technologies to utilize 
renewable energy sources. There are many factors contributing to this boom, not the least of which 
are the forecasts of rapidly diminishing supplies of petroleum within this new century, present-day 
concerns over supply consistency, and political pressure to replace the fuel additive MTBE, due to 
its environmental impacts. Although only a small part and not without its critics, ethanol has 
become integral to the United States alternative energy portfolio, and substantial research is being 
conducted to improve the cost efficiency of ethanol production. To this end, there are several 
engineering challenges, but perhaps the greatest is transitioning from starch to cellulosic feed-
stocks. One of the challenges in doing so is to develop better enzymes for hydrolysis of cellulose to 
simpler sugars for fermentation to ethanol. This is the context for this research project, which aims 
to study a poorly understood glycoside hydrolase (GH) family of cellulases. 
A GH is an enzyme that hydrolyzes the glycosidic bond between carbohydrate residues. All 
GHs belong to the International Union of Biochemistry and Molecular Biology (IUBMB) Enzyme 
Commission (EC) numbers 3.2.1.–, 2.4.1.–, and a few others, where the last digit varies for 
different GHs based on the specific bond they cleave. The GH nomenclature developed by 
Coutinho and Henrissat (1999a,b) adds a necessary additional designation to these enzymes by 
organizing gene sequences with similar sequence homologies into families. There are more than a 
hundred GH families, but only about 20 hydrolyze cellulosic bonds. Within that set are a type 
called endoglucanases that hydrolyze the β-1,4 bonds of cellulose at an interior location along the 
chain. GH families 5, 6, 7, 8, 9, 12, 44, 45, 48, 61, and 74 all have endoglucanase activities, and 
the focus of this research is within that set of enzymes. 
Glycoside hydrolase family 44 (GH44) is composed of primarily endoglucanases that hydro-
lyze β-1,4-glycosidic bonds with an inverting mechanism (Coutinho and Henrissat, 1999a,b). 
Currently there is no published three-dimensional crystal structure for this family, and the catalytic 
acid and base are unknown. Since family classification is based upon primary sequence homology, 
enzymes within a family will have similar structural features and mechanisms, so determining the 
structure of one member of this family would shed light on the active-site structures of all GH44 
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members. The organisms currently known to contain GH44 sequences are Acidobacteria 
bacterium, Caldicellulosiruptor saccharolyticus, Caldicellulosiruptor sp. Tok7B.1, Clostridium 
acetobutylicum, Clostridium thermocellum, Myxococcus xanthus, Paenibacillus lautus, 
Paenibacillus pabuli, Paenibacillus polymyxa, Ruminococcus flavefaciens, Synechococcus sp. 
CC9311, and Bankia gouldi.  
The GH44 protein from C. acetobutylicum is the focus of this research, but the organism itself 
has an interesting history. C. acetobutylicum was isolated from the soil and is a gram-positive, 
mesophilic, anaerobic bacterium that was used extensively earlier in the twentieth century for 
industrial solvent production of acetone and butanol before economically superior synthetic 
processes were developed (Weyer and Rettger 1927, Zverlov et al. 2006). Interestingly, starch was 
the primary carbon and energy source for these fermentations and C. acetobutylicum ATCC 824 
was not known to be cellulolytic, but recent genomic sequencing has revealed the presence of 
putative cellulolytic genes (Nölling et al. 2001). C. acetobutylicum contains the complete frame-
work for a large extracellular enzyme complex, known as a cellulosome, that bears strong 
similarity to that of the related cellulolytic anaerobe Clostridium cellulolyticum, but the sequenced 
C. acetobutylicum strain cannot grow on cellulose (Sabathé et al. 2002). Researchers have had 
limited success in forcing C. acetobutylicum to produce an extracellular cellulosome, although at 
least some subunits of the cellulosome are detectable. Some have hypothesized that C. acetobutyl-
icum has repressed cellulosome expression during evolution due to its ability to grow on simpler 
substrates, including starch, oligosaccharides, and monosaccharides (Schwarz and Zverlov 2004). 
Individual subunits of a dissociated cellulosome of the thermophilic bacterium C. thermocellum 
lose the ability to hydrolyze crystalline cellulose while maintaining activity on amorphous 
cellulose (García-Campayo and Béguin 1997), while only mild losses of activity on crystalline 
cellulose occur under controlled conditions (Demain et al. 2005). Regardless, C. acetobutylicum 
produces only trace amounts of cellulosome and some individual subunits, and this could explain 
its failure to hydrolyze crystalline cellulose and its very low activity on amorphous cellulose, such 
as carboxymethylcellulase (CMC) (Allcock and Woods 1981). 
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Contained within the cellulosome of C. acetobutylicum is the gene CAC0915, which putatively 
encodes a single-catalytic domain GH44 protein with a C-terminal dockerin domain. The goal of 
this research is to study that GH44 catalytic domain by synthesizing the gene, ligating it into an 
expression vector, and transforming it into Escherichia coli, then producing the recombinant 
protein by fermentation and purification through chromatography and other methods. After 
sufficiently pure recombinant protein is generated, we will attempt to crystallize it and then to 
subject it to X-ray diffraction. We will then analyze the diffraction pattern to determine the tertiary 
structure and thus generate novel information about GH44 members.  
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LITERATURE REVIEW 
History of acetone–butanol fermentations 
Solvent production by bacterial fermentation has played an important role over the past century 
and may do so again in the near future. In 1912, Chaim Weizmann of Manchester University 
pioneered the first industrial-scale fermentation of starch to acetone and butanol, known as the AB 
fermentation, using a bacterial strain (Dürre 1998). The Weizmann bacterium, later named C. 
acetobutylicum, primarily produces butanol and acetone. Side-products include hydrogen gas, 
acetic, lactic and propionic acids, isopropanol, and ethanol. This process was invaluable because 
England was on the verge of World War I, and acetone was required for synthesizing cordite, an 
ammunition propellant used in that period (Davis 1943). Later, major production facilities for AB 
fermentations were built in the United States, Canada, Japan, and South Africa, but by the 1960’s 
these processes were not competive with the cheaply-produced solvents from the petrochemical 
industry. However, Russia further developed the technology and strains for the AB fermentation 
such that lignocellosic waste was used as the feedstock for industrial-scale reactors (Zverlov et al. 
2006). It is foreseeable that, as the economics of the petrochemical industry shift again over the 
coming century, fermentative production of solvents could again become important, especially 
through the metabolic engineering of organisms that has only been possible in the past decade. 
Carbohydrate chemistry and glycoside hydrolases 
The most abundant carbohydrate polymers in the world are two of the three major components 
of plant cell walls, cellulose and hemicellulose. Cellulose is a polysaccharide of glucosyl residues 
linked by β-1,4 bonds. Hemicellulose is a branched polymer on a backbone of mixed monomers, 
primarily consisting of xylosyl residues. Xyloglucan, which is another material relevant to this 
research is xyloglucan, is a highly-branched polysaccharide with a β-1,4-linked glucosidic back-
bone. Another substrate, xylan is a branched polysaccharide with β-1,4 linked xylose residues. 
Cellulose fibers are strong and resistant to hydrolysis due to how β-1,4 chains pack together. 
Cellulose can be amorphous or crystalline, depending on the packing of its chains, and crystalline 
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cellulose is particularly challenging for enzymes to break down because the molecular packing 
does not allow permeation by water. 
Bond breakage by hydrolysis involves the catalyzed reaction of a bond with water, resulting in 
new reducing and nonreducing ends. For example, if hydrolysis occurs at an indeterminate location 
along the interior of cellulose chain, it is catalyzed by an endoglucanase (EC 3.2.1.4), whereas 
cleavage of a residue from an end of the cellulose chain is catalyzed by an exoglucanase, usually a 
cellobiohydrolase (EC 3.2.1.91). The two main GH44 enzymes are endoglucanases, which hydro-
lyze β-1,4-D-glucosidic linkages in cellulose, lichenin, and other β-D-glucans, and xyloglucanases 
(EC 3.2.1.151) which hydrolyze xyloglucan β-1,4-D-glycosidic bonds, also throughout the chain. 
These and other enzymes that hydrolyze glycosidic bonds are classified into GH families based on 
sequence homology (Coutinho and Henrissat 1999a,b). High sequence homology correlates to 
similarity in tertiary structures, and thus similarity in their catalytic action on substrates. The GH 
family classification implies a phylogenetic relationship of GHs but not necessarily that of 
organisms; it instead allows for distant organisms to independently develop enzymes with similar 
structures. The GH families that hydrolyze cellulosic bonds are presented in Table 1, along with 
their structural fold, clan, mechanism, ligand–enzyme complex ring conformation, nucleophilic 
base and acid, primary enzyme activity, and source organism kingdom taxonomy (Coutinho and 
Henrissat 1999a,b, Reilly 2007). 
Cellulolytic organisms and cellulosomes 
An organism is considered cellulolytic if it can be grown on cellulose as its sole carbon and 
energy source. There are many aerobic cellulolytic organisms, primarily bacteria and fungi, but 
relatively few anaerobic cellulolytic organisms have been found. Compared to aerobic organisms, 
anaerobic organisms are limited in their ATP synthesis, which forces anaerobic organisms to be 
more frugal in protein production. Aerobic organisms are able to synthesize great quantities of 
extracellular enzymes for degrading cellulose, but in contrast anaerobic organisms generally 
degrade cellulose by using large enzyme complexes called cellulosomes anchored to the exterior 
cell membrane (Lynd et al. 2002). 
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Cellulosomes consist of several GHs and noncatalytic carbohydrate binding modules (CBMs) 
bound through dockerin–cohesin interactions to a common scaffoldin backbone and collectively 
bound to anchoring proteins on the cell membrane (Carvalho et al. 2003). Cellulosomes have been 
found in many anaerobic bacteria, including species of Acetivibrio, Bacteroides, Clostridium, and 
Ruminococcus, and their typical masses range between 650 kDa and 2.5 MDa (Doi et al. 2003). 
Interestingly, cellulosomes have also been found in aerobic bacteria, namely in Vibrio species, and 
in some anaerobic fungi (Fanutti et al. 1995, Li et al. 1997, Tamaru et al. 1997). The arrangement 
of these complexes has been studied, producing results suggesting that the subunits within the 
proteins of C. thermocellum are not randomly distributed. Chimeras were created with subunits 
from two other GHs from the C. thermocellum cellulosome, CelK and XynZ, and these alternative 
forms have decreased enyme activity and thermostability compared to the natural forms (Bayer et 
al. 1998, Kataeva et al. 2001). Cho et al. (2006) provides a nice discussion of the different theories 
on why these multidomain systems exist, including the presence of some unusual domains. 
This information about cellulosomes is the result of an explosion of research over the past two 
decades on various apects of cellulosomes, particularly from C. thermocellum. Research on this 
cellulosome has ranged from macroscale issues such as its ultrastructural folding (Hammel et al. 
2005) and anchoring to bacterial cells (Adams et al. 2005, 2006) to microscale issues including its 
binding, catalytic properties, and arrangements of the many subunits (Bayer et al. 1998). Adams et 
al. (2005) provides a good review of the structural components of cellulosomes, such as type I 
cohesin and type I dockerin modules, both involved in attachment of catalytic subunits to the 
scaffoldin protein, and the type II cohesin modules, involved in attachment of the cellulosome to 
the cell surface. One essential tool in this research has been crystallization, often of individual 
domains, to better understand how the parts of the cellulosome function. For example, crystal-
lization of the ferulic acid esterases (FAE) from XynY and XynZ helped to explain the binding 
specificity to the methoxy and hydroxyl rings of the substrate (Blum et al. 2000, Prates et al. 
2001). Interestingly, the structural network of the scaffoldin, cohesin, and dockerin domains in R. 
flavefaciens suggests different types of domain interactions than have been reported in Clostridium 
species, which generally have been representative of other organisms’ cellulosomes (Rincón et al. 
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2005). To approach this broad and changing field, reviews of cellulosomal research are being 
routinely published; a few recent and comprehensive reviews are by Doi et al. 2003, Bayer et al. 
2004, and Demain et al. 2005.  
The Clostridium acetobutylicum cellulosome 
As previously described, strains of C. acetobutylicum have been used in industry throughout 
the past century for production of solvents primarily from starch, but only with the recent genomic 
sequencing of the strain C. acetobutylicum ATCC 824 was the potential for cellulolytic behavior 
known. C. acetobutylicum ATCC 824 contains a cluster of genes encoding a cellulosome, and 
subsequent research has even shown that a small amount of the cellulosome is produced, yet the 
organism still cannot grow solely on cellulose (Nölling et al. 2001, Sabathé et al. 2002). Another 
strain of the same species, C. acetobutylicum NRRL B527, is in fact cellulolytic, raising further 
questions and prompting research on the ATCC 824 strain to explain this interesting discrepancy 
(Lee et al. 1985).  
The scaffoldin system and many of the individual subunits of the C. acetobutylicum cellulo-
some have been studied, showing similarities to other Clostridium cellulosomes (Doi et al. 2003). 
The putative proteins encoded for by these genes include the CipA scaffoldin protein, a cohesin 
domain, and ten single-catalytic domain enzymes from GH5, GH9, GH44, and GH74, each with a 
dockerin domain and some with another domain such as a CBM (López-Contreras et al. 2002, 
Sabathé et al. 2002). Although similar in structure, the enzymes of C. thermocellum are multi-
catalytic and so the cellulosome contains more than double the variety of GH families, represent-
ing GH5, GH8, GH9, GH10, GH11, GH16, GH18, GH26, GH44, and GH48 (Steenbakkers et al. 
2002, Schwarz and Zverlov 2004). Individual proteins from the C. acetobutylicum cellulosome that 
have been isolated are CelF and CelG, belonging to GH48 and GH9, respectively. Their 
production in C. acetobutylicum is induced by the appropriate substrate, in this case xylose or 
lichenan (López-Contreras et al. 2002, 2004). Inducible expression of cellulolytic activity is 
common in organisms, including C. acetobutylicum P270, which is noncellulolytic but in which 
endoglucanase activity is induced by a growth medium containing molasses (Allcock and Woods 
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1981). Research continues into the C. acetobutylicum cellulosome because much remains 
unknown, including the inability of the organism to grow solely on cellulose.  
Glycoside hydrolase family 44 
Originally known as cellulase family J, GH44 is one of the smallest and least studied of the GH 
families, although it has increased by several new members during my work on this project in the 
last two years (Coutinho and Henrissat 1999a,b). The organisms containing GH44 enzymes, 
including C. acetobutylicum, are shown in Table 2. Each organism is a bacterium except for 
Bankia gouldi, which is an animal, but in every case the ability or potential to degrade cellulolytic 
material makes biological sense. These organisms were isolated from soil, animal rumens, hot 
springs, and coastal waters. Each of these locations has at least some cellulolytic material that can 
serve as a potential carbon source. Different cell morphologies, aerobic and anaerobic growth, 
thermophiles and mesophiles, gram-positive and gram-negative bacteria, cellulolytic and non-
cellulolytic bacteria, are all represented in this family. 
Characterized GH44 proteins collectively represent both endoglucanases and xyloglucanases; 
however, the substrate specificity of the putative proteins cannot be known until they too are 
produced. It is also known that the family uses an inverting mechanism, which was identified by 
NMR on the products from CelA in P. lautus (Hansen et al. 1992, Schou et al. 1993). An inverting 
mechanism means that the cleavage of the β-1,4-glycosidic bond results in an inversion in the 
stereochemistry of the newly-formed anomeric hydroxyl group. Figure 1 graphically shows the 
available domain configurations to help emphasize the diversity of domain arrangements for each 
of these enzymes. 
The catalytic proton donor and nucleophile for GH44 are currently unknown, although recently 
a pair of glutamates have been proposed as those key residues (Cho et al. 2006). A multiple 
sequence alignment of the GH44 catalytic domains identified key conserved residues, and 
mutations were created in recombinant Cel44C in P. polymyxa GS01. Some of the mutations 
decreased enzyme activity, but only mutations of Glu91 and Glu222 eliminated it, thus suggesting 
that these are the catalytic acid and base residues in GH44 (Cho et al. 2006). A tertiary crystal 
structure is necessary to show the fold of GH44, to potentially confirm the suggested catalytic acid  
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and base, and to identify the phylogenetic clan of these GH44 members, all of which are currently 
unknown. At the present time there is no published crystal structure for a GH44 catalytic domain. 
Although there are three PDB entries on CAZy, they are either unidentified or appear to pertain 
only to the crystallization of the C-terminus of CelJ from C. thermocellum F1, which encompasses 
only the polycystic kidney-disease module (PKD) and CBM Family 44 (CBM44) domain 
(Najmudin et al. 2005). 
With a few exceptions, little is known about the proteins comprising GH44, and many of the 
members have only been identified by homology. Therefore, presenting a comprehensive review of 
all that is known about these enzymes is a manageable task. A challenge with some of the older 
research is that the cellulolytic activity of an organism has been studied but without specific 
reference to the contribution by the GH44 enzyme. Therefore, presented in this literature review is 
a thorough attempt to reveal everything known about this enzyme family, organized with relevant 
information about the source organisms. However, the author humbly recognizes that some pieces 
from the literature may be absent. 
GH44 putative proteins and their source organisms 
Acidobacteria bacterium Ellin345  
The complete genome of A. bacterium Ellin345 was sequenced at the U.S. Department of 
Energy Joint Genome Institute (Copeland et al. 2006). This gram-negative, highly capsulated, 
aerobic heterotrophic bacterium was isolated as a part of a microbial survey of Australian 
pastureland soil (Sait et al. 2002). The hypothetical protein Acid345_1503 has 761 amino acid 
residues. There is no research indicating that it has been produced. 
Clostridium acetobutylicum ATCC 824 
This GH44 putative protein, contained within the C. acetobutylicum ATCC 824 cellulosome 
and identified as CAC0915, has 606 amino acids for a calculated molecular weight of 66.8 kDa 
(Nölling et al. 2001). Its domain structure consists of a signal peptide, a GH44 catalytic domain, 
and a type I dockerin (Figure 1) (López-Contreras et al. 2002). Aside from identification by 
homology as a GH44 member, this protein has not yet been produced for cellulase characterization 
outside of this current research. 
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Myxococcus xanthus species 
M. xanthus is a mesophilic, gram-negative, rod-shaped myxobacterium with gliding motility. It 
is a soil organism that degrades organic material and sporulates to preserve the colony when food 
sources become unavailable (Janssen et al. 1977). Monsanto sequenced and patented sequences 
from M. xanthus, including Sequence 15196, which is homologous to other GH44 members 
(Goldman et al. 2004). A second GH44 sequence, MXAN_7450, was reported from M. xanthus DK 
1622. This sequence is described as a gene fragment; it consists of 506 amino acid residues and is 
homologous with other GH44 members, specifically with CelA in P. lautus PL236 (Goldman et al. 
2004). There is no indication from the literature that either of these sequences has been expressed 
as protein for characterization. 
Synechococcus sp. CC9311 
Synechoccus sp. CC9311 is a coastal-water cyanobacterium. It was isolated from the edge of 
the California Current and its complete genome was sequenced (Palenik et al. 2006). The hypo-
thetical protein sync_1467 consists of 546 amino acids. There is no available research indicating 
that it has been produced. 
GH44 produced proteins and their source organisms 
Bankia gouldi 
Unlike the other members of GH44, B. gouldi is not a bacterium but is in fact eukaryotic. It is a 
type of teredinid, or shipworm. Teredinids have been well known to sailors for centuries because 
they easily infest and weaken unprotected wood left in water, sometimes to the point of disaster 
(www.chesapeakebay.net/shipworm.htm). The cellulolytic activity of these organisms has been 
studied for at least the last 40 years, and the presence of both endoglucanase and exoglucanase 
activity in B. gouldi has been discussed (Dean 1978). The endoglucanase 37GP1, consisting of 537 
amino acids, has been produced, and CMCase activity was visualized by Congo Red plating 
(Bylina 2002). 
Caldicellulosiruptor species 
C. saccharolyticus, originally called Caldocellum saccharolyticus, and Caldicellulosiruptor sp. 
Tok7B.1 are both anaerobic extreme-thermophile gram-positive cellulolytic bacteria isolated from 
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thermal pools in New Zealand (Sissons et al. 1987, Gibbs et al. 2000). Unlike other GH44 
organisms, the Caldicellulosiruptor species contain many open reading frames (ORFs) coding for 
multidomain, multicatalytic proteins, consisting of different arrangements of GH families 5, 9, 10, 
43, 44, and 48 and CBMs 3b and 3c (Bergquist et al. 1993, Gibbs et al. 2000).  
C. saccharolyticus contains a 1331-amino acid sequence coding for ManA, which has both β-
mannanase and β-1,4-glucanase activity due to the presence of GH5 and GH44 catalytic domains, 
respectively (Lüthi et al. 1991, Gibbs et al. 1992). Caldicellulosiruptor sp. Tok7B.1 contains two 
ORFs with expected GH44 domains, CelE and CelH (Bergquist et al. 1999, Gibbs et al. 2000). 
The translated domains of CelH have not been fully identified and therefore it is omitted from 
Figure 1, but the translated CelE consists of 1751 amino acids and it is shown there (Farrington et 
al. 2001). 
The GH44 domain of ManA is active on both CMC and xylan, and the homologous protein 
CelE has CMC activity with weak xylan activity (Gibbs et al. 1992, Farrington et al. 2001). 
Abridged forms of ManA, containing subsets of the length of four domains, were purified, 
allowing separate study of the two catalytic regions and the effects of the CBMs. The specific 
activity of the GH44 domain was 0.18 U/mg (µmol reducing sugar released/mg protein-min) on 
CMC with the two CBMs in ManA, but was dramatically lower at 0.0026 U/mg without the CBMs 
(Frangos et al. 1999). Activity on xylan substrates was less than that on CMC but within the same 
magnitude, ranging from 22% to 84% of that on CMC, depending on the form of the protein and 
the specific xylan substrate used (Frangos et al. 1999). The entire ManA protein, as well as both 
the forms without the GH5 domain and the form with only the GH44 domain, all have Michaelis-
Menten kinetics (Frangos et al. 1999). The binding of the GH44 domain to xylan was increased by 
the CBMs, but decreased with CMC, but the CBMs by themselves did not bind to xylan or CMC 
(Frangos et al. 1999). The catalytic domains themselves are highly thermostable with little loss of 
activity after 1 h at 70°C, under which conditions the CBMs were also stable (Frangos et al. 1999). 
Previous characterization of the N-terminal catalytic domain (GH5) showed optimal activity at 
80°C and activity up to 95°C when incubated with substrate, which stabilized the enzyme, and an 
optimal pH of 6 with 50% activity at pHs 5 and 8 (Lüthi et al. 1991). 
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Clostridium thermocellum species 
C. thermocellum F1 is an anaerobic, cellulolytic, thermophilic bacterium isolated from soil 
(Sakka et al. 1994). The cellulosome of C. thermocellum is “one of the most active” of the known 
cellulolytic systems, and appropriately it has been the subject of extensive and continuing research 
(Ahsan et al. 1997). The largest catalytic subunit of this cellulosome is endoglucanase J, produced 
from the gene CelJ, which codes for a putative sequence of 1,601 amino acids with an estimated 
molecular weight of 178 kDa (Lamed et al. 1983). The modular structure consists of several 
domains (Figure 1), in order from the N-terminus a signal peptide, a CBM30, an Ig-like module, a 
GH9 catalytic domain, a GH44 catalytic domain, a type I dockerin, a PKD, and a CBM44 (Ahsan 
et al. 1996, Arai et al. 2003, Najmudin et al. 2005). Since it is a potentially important multidomain 
complex, several sections have been isolated and characterized. The C-terminus, containing the 
PKD and CBM44, have been produced and crystallized by X-ray diffraction, as a part of ongoing 
work to better understand the specificity of ligand recognition for both CBM30 and CBM44 
(Najmudin et al. 2005). Boraston et al. (2004) provides an interesting discussion on how CBM30 
and CBM44 position the substrate to allow effective hydrolysis. 
Relevant to this research is that the GH44 catalytic domain was produced with an N-terminal 
histidine tag and purified and characterized. CMC, Avicel, acid-swollen cellulose (ASC), lichenan, 
and xylan gave specific activities of 100, 0.0078, 27, 31, and 47 U/mg, respectively (Ahsan et al. 
1997). The optimal pH is 6.5. The optimal temperature is 70°C, and the enzyme is stable under 
heat treatment for an extended time at 80°C throughout the broad pH range of 5 to 11, but above 
80°C activity drops sharply so that at 85°C the relative activity is 50% (Ahsan et al. 1997). CelJ is 
active on a broad range of substrates, including crystalline cellulose. The major products of cello-
hexaose hydrolysis are cellotetraose, cellotriose, and cellobiose, while the minor products are 
cellopentaose and glucose. Major products of cellopentaose hydrolysis are cellotetraose, cello-
biose, and glucose. Finally, the major products of ASC, Avicel, and BMC hydrolysis are cellotet-
raose and cellotriose, and the minor products are cellobiose and glucose (Ahsan et al. 1997). 
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Paenibacillus species 
At least five strains of the Paenibacillus genus have been sequenced and contain putative 
GH44 catalytic domains, including P. lautus PL236 (Hansen et al. 1992), P. pabuli, P. polymxya 
ATCC 832, and P. polymxya GS01. Paenibacillus species are rod-shaped gram-variable 
sporulating bacteria, and are generally anaerobic and mesophilic (Velázquez et al. 2004, Meehan et 
al. 2001). P. polymyxa GS01 is an endophytic organism, isolated from Korean ginseng roots (Cho 
et al. 2006). The other sources could not be found but Paenibacillus species have been isolated 
from a variety of locations, including soil and organic material, animal waste, and water (Daane et 
al. 2002). 
P. lautus PL236 contains the 700-amino acid sequence called CelA or endoglucanase EG–A, 
consisting of a GH44 catalytic domain and a CBM3b (Figure 1). EG–A is easily susceptible to 
proteolytic cleavage, and so its production and purification resulted in two isolated forms, 
unaltered EG–A–L and shortened EG–A–S, which are approximately 74 and 57 kDa in mass, 
respectively (Hansen et al. 1992). Serendipitously, this abridged form of EG–A does not have the 
CBM at its C-terminus. Both forms have been characterized and their specific activities on CMC, 
ASC, Avicel, and lichenan are 2.2, 0.54, 0.028, and 7.3 U/mg for EG–A–L and 2.4, 0.09, 0, and 
6.9 U/mg for EG–A–S, respectively (Hansen et al. 1992). Activities of EG–A–S on CMC and 
lichenan are essentially unchanged but those on the crystalline substrates, Avicel and ASC, are 
significantly lower than in EG–A–L, showing the importance of the CBM in the activity of EG–A 
against crystalline cellulose. These enzymes have an optimal temperature against CMC of 60°C 
with a half-life of 70 min. The activity was highest throughout the broad pH range of 5.5 to 8.5, 
and activity dropped to 50% at pH 9.5 (Hansen et al. 1992). 
P. polymyxa GS01 contains a 1317-residue amino acid sequence for a putative Cel44C–
Man26A complex, with a calculated mass of 145.3 kDa (Cho et al. 2006). Its structure consists of 
a GH44 catalytic domain, a type 3 fibronectin domain (Fn3), a GH26 catalytic domain, and a 
CBM3b (Figure 1). The Cel44C–Man26A complex is active on cellulase, xylanase, lichenase, and 
mannanase. It has an optimal temperature of 50°C and optimal pH of 7.0 for cellulase and 
lichenase activity, and the xylanase and mannanase activities are highest at pH 5.0 (Cho et al. 
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2006). Also, truncated proteins were produced and characterized, showing that the Cel44C domain 
was responsible for the cellulase, xylanase, and lichenase activity, and demonstrating that GH44 
has broad substrate specificity. The GH44 catalytic domain had specific activites of 765, 378, and 
754 U/mg at 50°C and their optimal pHs for cellulase, xylanase, and lichenase, respectively (Cho 
et al. 2006). 
Finally, Sequence 6 in P. pabuli and Sequences 2 and 4 in P. polymyxa ATCC 832, with trans-
lated amino acid lengths of 695, 1352, and 1350, respectively, were identified as GH44 putative 
proteins as a part of a GH44 xyloglucanase U.S. patent for detergent applications (Schnorr et al. 
2004). Another GH44 xyloglucanase, from P. polymyxa ATCC 832, was cloned and characterized. 
The enzyme satisfied the imposed criteria of greater than 60% relative activity at 50°C and 40% 
activity at 70°C, both in neutral to alkaline pH, but more specific values were not provided 
(Schnorr et al. 2004). 
Ruminococcus flavefaciens species 
R. flavefaciens 17 and R. flavefaciens FD-1 contain the GH44 sequences EndB and CelB, 
respectively. EndB is a protein of 808 amino acids with a domain structure consisting of a signal 
peptide, a GH44 catalytic domain, an unknown CBM type, and a type I dockerin domain (Figure 
1) (Rincón et al. 2001). CelB is a sequence of 827 amino acids for a multidomain β-glucanase 
protein, although this putative protein is also reported as having only 632 amino acids (Vercoe et 
al. 1995, Rincón et al. 2001, Warner 2007).  
EndB was cloned into E. coli and produced as a fusion protein with a C-terminus histidine tag. 
EndB contains an unclassified CBM region, allowing it to bind Avicel (Rincón et al. 2001). 
Purified EndB also binds to a large 130-kDa protein purified from R. flavefaciens 17 after growth 
on Avicel, and this protein was likely the scaffoldin protein ScaA, demonstrating the first example 
of cellulosomal protein in a ruminal bacterium (Ding et al. 2001, Rincón et al. 2001). The specific 
activities of EndB against CMC and lichenan were 2.5 x 10–3 and 0.97 x 10–3 U/mg at 37°C, 
respectively. The optimal pH is around 5.8. The relative activity of EndB decreased to 40% at 
50°C (Rincón et al. 2001).  
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The β-glucanase transcribed by CelB in R. flavefaciens FD–1 is produced only when the strain 
is grown on media containing cellulose (Doerner et al. 1992). Cellulolytic activities under different 
growth conditions were evaluated, but β-glucanase has not been purified and characterized. Further 
work on an endoglucanase from R. flavefaciens FD–1 showed activity on CMC but a lack of 
activity against crystalline cellulose, but it could not be determined if this pertained to the GH44 
enzyme (Barros and Thomson 1987).  
Unpublished research by Warner (2007) has identified the translated CelB as consisting of a 
signal peptide, a GH44 catalytic domain, a CBM, an AT-rich linker, a dockerin domain, and a C-
terminus transmembrane region, along with additional unidentified regions. This protein has been 
produced as a histidine-tagged fusion protein and characterization is pending (Warner 2007). 
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CLONING EXPERIMENTS 
Domains of CAC0915 and preliminary design 
The National Center for Biotechnology Information (NCBI) hosts the Entrez nucleotide 
database (www.ncbi.nlm.nih.gov/Entrez/), which contains an entirely sequenced locus 
(AE001437) of C. acetobutylicum ATCC 824. Contained within this sequence is the cDNA for 
CAC0915 corresponding to nucleotides 1054263–1056083, 1818 base pairs (bp) long and appro-
ximately 67 kDa. This gene sequence and the translated amino acid sequence are also identified as 
CA_C0915, protein_id AAK78891.1, and CelA. 
The Sanger Institute provides the web-based sequence alignment program, Pfam (www.sanger. 
ac.uk/Software/Pfam/), which performs multiple sequence alignments to propose domain 
structures based on sequence and structure databases, including SWISSPROT and TrEMBL. Table 
3 presents the Pfam analysis of CAC0915. Pfam-B_18839, referred to here as PfamB, contains the 
bulk of the amino acids, and this research relies on that domain being representative of the natively 
produced endoglucanase in C. acetobutylicum. PfamB is preceded by a region identified as a signal 
Table 3. C. acetobutylicum CAC0915 Pfam multiple sequence alignment 
 and predicted domain structure (www.sanger.ac.uk/Software/Pfam/). 
___________________________________________________________ 
Source Domain Amino acid sequence number 
 Start End 
___________________________________________________________ 
Signalp Signal peptide 1 25 
Tmhmm Transmembrane 7 26 
PfamB Pfam-B_18839 34 541 
Seg Low-complexity 549 561 
PfamA Dockerin_1 552 572 
Seg Low-complexity 579 588 
PfamA Dockerin_1 584 604 
___________________________________________________________ 
  
22 
peptide and transmembrane region and is followed by possibly two dockerin regions interspersed 
with low-complexity regions. These latter regions will not be studied because they are notoriously 
difficult to crystallize, and the focus of this research is on the CelA protein, not on dockerins. 
Codon-bias adjustment of CAC0915 
Recombinant protein expression can be limited by many factors, including the difference in 
codon bias between the source organism and the expression organism. Both C. acetobutylicum and 
E. coli have the same codon tables, meaning that both translate codons the same way, but there are 
some key differences in their codon usage frequencies. Different organisms have differences in 
codon usage, or preferred codons for translation to the same amino acids. Even with high-
expression vectors, conflicts in codon usage between the source and and host organisms can pose 
challenges to successful protein expression (Makoff et al. 1989, Gustafsson et al. 2004). Research 
comparing codon-optimized and wild-type sequences showed widespread improvements in protein 
expression by moving the codon usage to that of the host. For example, expressing the codon-
optimized sequence of protein fragment C from C. tetani in E. coli resulted in a fourfold improve-
ment in protein yield (Gustafsson et al. 2004). This benefit was probably caused by decreasing the 
demand for rare tRNA molecules during translation (Makoff et al. 1989). The codon usages for C. 
acetobutylicum ATCC 824 and E. coli K–12 W3110 are presented graphically in Figure 2; it is 
apparent that there are some key differences between the two organisms. E. coli K–12 W3110 is 
presented since the strain used in this research, E. coli BL21 (DE3), and any similar E. coli strain B 
had no codon usage data. 
To sidestep the challenge of isolating CAC0915 from a C. acetobutylicum culture and to 
account for codon bias to increase the probability of expressing CAC0915, we decided to syn-
thesize the cDNA from scratch. This decision was also the result of an economically attractive 
offer by Megabase, Inc. (Lincoln, NE) to have a gene of this length synthesized using their novel 
technique PCRJet®, which is discussed later. 
The software Protein2DNA (DNA 2.0, www.dnatwopointo.com) was used to adjust the codon 
bias of CAC0915 and to add necessary functionality for cloning the desired gene. The first 1643 
nucleotides of CAC0915, corresponding to the signal peptide through PfamB, were altered to 
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conform within tolerance to the codon usage frequency of E. coli. Commonly used restriction sites, 
including BamHI, NdeI, XhoI, and XmnI, were not permitted within the sequence. Protein2DNA  
 
 
 
 
 
 
 
 
 
 
Figure 2. Codon usage for C. acetobutylicum ATCC824 and E. coli K–12 W3110 from the Center 
for Biological Sequence Analysis Genome Atlas database (Hallin and Ussery 2004). 
performs secondary (2°) structural analysis to help to evaluate candidate sequences for potentially 
problematic combinations. The engineered sequence contained no repeats, complementary repeats, 
or possible RNA stem loop structures. 
A luxury afforded by synthesizing a gene from scratch is control over restriction sites, both 
internally and surrounding the gene. XmnI and BamHI sites were added preceding the signal 
sequence, and a stop codon and a second BamHI site were added following PfamB. Surrounding 
both BamHI sites were four nucleotides, which are necessary for increased restriction site cutting 
efficiencies. XmnI was the most practical restriction site that could be created without changing 
the amino acid sequence of CAC0915 to remove the signal peptide/ transmembrane sequence, 
although this was never used. The final designed sequence, subsequently referred to as CAC–1, 
containing the codon bias-adjusted signal peptide for PfamB and surrounding restriction sites, was 
1656 base pairs long. Figure 3 compares the native sequence of CAC0915 to CAC–1, and the 
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corresponding amino acid sequences illustrate that, although many nucleotides have been changed, 
the translated sequences are identical for their common 541 amino acids. 
 
Native     1 -                     ATGAAACGCAATAAGATTCTGGTCAGCGCTCTGGCTATCG -   40 
CAC-1      1 - ATCGGGATCCGAAAGTGTTCATGAAACGCAATAAGATTCTGGTATCCGCTCTGGCTATCG -   60 
Both       1 -                      M  K  R  N  K  I  L  V  S  A  L  A  I   -   13 
 
Native    41 - CTTTTAGCTCCATGGTTCTGACGCCTGTTTCTGGTCTGAAAGTTTTCGCTGATACCGCTG -  100 
CAC-1     61 - CGTTTTCTTCCATGGTTCTGACGCCGGTTTCTGGTCTGAAAGTGTTCGCGGACACGGCGG -  120 
Both      14 - A  F  S  S  M  V  L  T  P  V  S  G  L  K  V  F  A  D  T  A   -   33 
 
Native   101 - ACGTTAACGTAAACATCGACACTAACGCAGAGAAACAGGCCATCAGCCCGTACATTTATG -  160 
CAC-1    121 - ACGTAAACGTGAACATCGACACCAATGCGGAAAAGCAGGCGATTTCCCCGTACATCTACG -  180 
Both      34 - D  V  N  V  N  I  D  T  N  A  E  K  Q  A  I  S  P  Y  I  Y   -   53 
 
Native   161 - GTACTAACCAGGACTTCTCCAACGCGAAAGTCACGGCACGCCGCATCGGTGGTAACCGTT -  220 
CAC-1    181 - GTACCAACCAGGATTTCTCTAATGCGAAAGTAACCGCACGTCGTATTGGCGGTAACCGCT -  240 
Both      54 - G  T  N  Q  D  F  S  N  A  K  V  T  A  R  R  I  G  G  N  R   -   73 
 
Native   221 - CCACCGGCTACAACTGGGAGAACAACGACTCTAACGCAGGTACCGATTGGAAGAATGAGT -  280 
CAC-1    241 - CCACCGGCTACAATTGGGAAAACAACGATTCCAACGCGGGCACTGATTGGAAGAATGAAT -  300 
Both      74 - S  T  G  Y  N  W  E  N  N  D  S  N  A  G  T  D  W  K  N  E   -   93 
 
Native   281 - CCGACAACTATTGGCTGACTCTGTACGATGTACCAAAAGAAAAGTACAACGAACCTGCGA -  340 
CAC-1    301 - CTGATAACTATTGGCTGACCCTGTATGATGTGCCGAAAGAGAAGTATAACGAACCGGCAA -  360 
Both      94 - S  D  N  Y  W  L  T  L  Y  D  V  P  K  E  K  Y  N  E  P  A   -  113 
 
Native   341 - GCGTATATACCGCTTTCCACGATAAATCTCTGGCTATGGGCGTACCGTACTCTCTGGTTA -  400 
CAC-1    361 - GCGTTTATACTGCGTTTCACGACAAATCCCTGGCTATGGGCGTGCCGTATAGCCTGGTAA -  420 
Both     114 - S  V  Y  T  A  F  H  D  K  S  L  A  M  G  V  P  Y  S  L  V   -  133 
 
Native   401 - CCCTGCAGGCGGGTGGTTACGTTGCCGCCGATCAGAGCGGCCCGCTGGCTAACACTGATG -  460 
CAC-1    421 - CCCTGCAAGCCGGCGGTTACGTGGCGGCGGATCAGTCTGGCCCTCTGGCAAATACCGATG -  480 
Both     134 - T  L  Q  A  G  G  Y  V  A  A  D  Q  S  G  P  L  A  N  T  D   -  153 
 
Native   461 - TTGCTCCTTCTTCTAAATGGAAGAAAGTGGAGTTTAACAAGAATGGTCCGCTGTCCCTGA -  520 
CAC-1    481 - TTGCACCGAGCTCCAAGTGGAAGAAGGTCGAGTTCAACAAGAACGGTCCTCTGTCTCTGA -  540 
Both     154 - V  A  P  S  S  K  W  K  K  V  E  F  N  K  N  G  P  L  S  L   -  173 
 
Native   521 - CTCCGGACACTACGGACGGCTCCGTCTACATGGATGAATTCGTCAACTACCTGGTTAACA -  580 
CAC-1    541 - CTCCAGATACCACCGACGGTTCTGTGTATATGGACGAATTTGTGAACTACCTGGTTAACA -  600 
Both     174 - T  P  D  T  T  D  G  S  V  Y  M  D  E  F  V  N  Y  L  V  N   -  193 
 
Native   581 - AGTACGGTAGCGCCAGCGGCTCCAAAGGTATCAAAGGCTACTCTCTGGATAACGAACCTA -  640 
CAC-1    601 - AATATGGTTCTGCCTCTGGTAGCAAGGGTATCAAAGGTTACTCCCTGGATAACGAGCCGT -  660 
Both     194 - K  Y  G  S  A  S  G  S  K  G  I  K  G  Y  S  L  D  N  E  P   -  213 
 
Native   641 - GCCTGTGGCCGAGCACCCACCCTCTGATTCACCCGGACAAAACCAAATGTTCTGAAGTTC -  700 
CAC-1    661 - CCCTGTGGCCAAGCACCCACCCACTGATCCACCCGGATAAAACCAAATGCTCTGAAGTAC -  720 
Both     214 - S  L  W  P  S  T  H  P  L  I  H  P  D  K  T  K  C  S  E  V   -  233 
 
Native   701 - TGGACAAAGACACGCAGCTGGCCCAGGTCGTCAAGAAGATCGACCCGGCTGCAGAAACCT -  760 
CAC-1    721 - TGGACAAAGATACGCAGCTGGCACAGGTTGTTAAGAAAATTGACCCGGCAGCGGAGACCT -  780 
Both     234 - L  D  K  D  T  Q  L  A  Q  V  V  K  K  I  D  P  A  A  E  T   -  253 
 
Native   761 - TCGGCCCGGCGCTGTTTGGCTTCTCCGCCTTTAACGACTTCAACAGCAGCCCGGACTGGT -  820 
CAC-1    781 - TCGGTCCGGCACTGTTCGGCTTTAGCGCGTTCAACGACTTCAACTCTTCCCCGGATTGGT -  840 
Both     254 - F  G  P  A  L  F  G  F  S  A  F  N  D  F  N  S  S  P  D  W   -  273 
 
Figure 3. cDNA sequences of the native CAC0915 and engineered sequence, CAC–1, aligned with 
the translated amino acid sequences. Substitutions are shown in red, the restriction sites are under-
lined as BamHI and XmnI, and an asterisk represents the stop codon.  
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Native   821 - CTTCCGTTAAAGGCAATTATCAATGGTTCATTGATTACTATCTGGATAACATGAAGAAGA -  880 
CAC-1    841 - CTTCTGTAAAAGGCAACTACCAGTGGTTCATCGATTATTATCTGGACAATATGAAGAAGA -  900 
Both     274 - S  S  V  K  G  N  Y  Q  W  F  I  D  Y  Y  L  D  N  M  K  K   -  293 
 
Native   881 - ATTCTGACGCCGCTGGTAAACGTCTGCTGGACGCGCTGGATCTGCACTGGTACCCGGAAG -  940 
CAC-1    901 - ATTCTGATGCGGCGGGCAAGCGTCTGCTGGATGCCCTGGATCTGCATTGGTACCCAGAAG -  960 
Both     294 - N  S  D  A  A  G  K  R  L  L  D  A  L  D  L  H  W  Y  P  E   -  313 
 
Native   941 - CTAAAGGTGGCGGCCAGCGTGTAACTACCTCCGATACCAGCAACGTGGACTGCAACAAGG - 1000 
CAC-1    961 - CGAAGGGTGGCGGTCAGCGTGTGACCACTAGCGACACGTCCAATGTTGATTGCAACAAAG - 1020 
Both     314 - A  K  G  G  G  Q  R  V  T  T  S  D  T  S  N  V  D  C  N  K   -  333 
 
Native  1001 - CGCGTATGCAGGCCCCGCGTTCTCTGTGGGATTCCACCTACACCGAAGACTCTTGGATCG - 1060 
CAC-1   1021 - CGCGTATGCAGGCCCCGCGTTCTCTGTGGGATTCTACTTACACCGAGGACTCTTGGATCG - 1080 
Both     334 - A  R  M  Q  A  P  R  S  L  W  D  S  T  Y  T  E  D  S  W  I   -  353 
 
Native  1061 - GCCAGTGGTGCAAATGGGGCCTGCCGCTGATCCCGAAAGTCAAATCTTCTATTGATAAAT - 1120 
CAC-1   1081 - GTCAGTGGTGCAAGTGGGGTCTGCCACTGATCCCGAAGGTGAAATCCTCCATCGATAAAT - 1140 
Both     354 - G  Q  W  C  K  W  G  L  P  L  I  P  K  V  K  S  S  I  D  K   -  373 
 
Native  1121 - ACTACCCGGGCACCAAACTGTCTTTCTCCGAATACAATTACGGCGGCGAAGACCACATCA - 1180 
CAC-1   1141 - ACTACCCGGGTACTAAACTGTCCTTCTCCGAATACAACTATGGTGGTGAAGACCATATTT - 1200 
Both     374 - Y  Y  P  G  T  K  L  S  F  S  E  Y  N  Y  G  G  E  D  H  I   -  393 
 
Native  1181 - GCGGCGGTATCGCGCAGGCTGACGCTCTGGGCGTTTTCGGCAAATATGGCGTATACTTCG - 1240 
CAC-1   1201 - CTGGCGGTATCGCGCAGGCCGACGCTCTGGGTGTGTTCGGTAAATACGGTGTGTATTTCG - 1260 
Both     394 - S  G  G  I  A  Q  A  D  A  L  G  V  F  G  K  Y  G  V  Y  F   -  413 
 
Native  1241 - CGACCTACTGGGAATGCAACTCTGATAAGAACAATTACGTGCAGTCCGCGTTCAATCTGT - 1300 
CAC-1   1261 - CGACCTATTGGGAGTGTAATAGCGATAAGAACAACTATGTCCAGTCTGCGTTCAACCTGT - 1320 
Both     414 - A  T  Y  W  E  C  N  S  D  K  N  N  Y  V  Q  S  A  F  N  L   -  433 
 
Native  1301 - ATAATAACTATGATGGTAACAACTCTAAATACGGCGATACCGACGTTAAGTGCGATACCT - 1360 
CAC-1   1321 - ACAACAATTATGATGGCAACAATTCTAAATATGGCGATACTGACGTGAAGTGTGATACCA - 1380 
Both     434 - Y  N  N  Y  D  G  N  N  S  K  Y  G  D  T  D  V  K  C  D  T   -  453 
 
Native  1361 - CTGACATCAACAACAGCTCCACTTACGCGAGCGTAACGTCTAACGATGGCAATAAAATGG - 1420 
CAC-1   1381 - GCGATATCAACAACTCTAGCACCTACGCGAGCGTGACTTCCAACGATGGCAACAAAATGG - 1440 
Both     454 - S  D  I  N  N  S  S  T  Y  A  S  V  T  S  N  D  G  N  K  M   -  473 
 
Native  1421 - ATATCATCGTTATGAATAAGAATTATACTGACAGCATTAACTTCAACTTCAATGTGTCCT - 1480 
CAC-1   1441 - ATATCATCGTCATGAACAAGAACTATACCGATTCTATTAACTTCAACTTCAACGTATCTT - 1500 
Both     474 - D  I  I  V  M  N  K  N  Y  T  D  S  I  N  F  N  F  N  V  S   -  493 
 
Native  1481 - CCAACAAGAATTATACCTCCGGTCAGGTTTGGGGCTTTGACTCTAATTCTTCCAACATTA - 1540 
CAC-1   1501 - CTAACAAGAACTACACTTCTGGTCAGGTCTGGGGTTTTGACTCTAACTCCAGCAACATCA - 1560 
Both     494 - S  N  K  N  Y  T  S  G  Q  V  W  G  F  D  S  N  S  S  N  I   -  513 
 
Native  1541 - CCAAACGCGATGACGTTAGCAGCATCTCCGGCAACAAATTCACCTATAAAATCCCGGCTC - 1600 
CAC-1   1561 - CCAAACGTGACGATGTTTCCTCTATTTCTGGCAACAAGTTCACCTACAAAATCCCGGCCC - 1620 
Both     514 - T  K  R  D  D  V  S  S  I  S  G  N  K  F  T  Y  K  I  P  A   -  533 
 
Native  1601 - TGACCGCAGTGCACATTGTGCTGACTACCGCACAGAAATCCTCCGTGAAAGGTGATGTTA - 1660 
CAC-1   1621 - TGACCGCAGTGCATATCGTGCTGTAAGGATCCATCG                         - 1656 
Native   534 - L  T  A  V  H  I  V  L  T  T  A  Q  K  S  S  V  K  G  D  V   -  553 
CAC-1    534 - L  T  A  V  H  I  V  L  *                                    -  541 
 
Native  1661 - ATGGTGACGGTGTAGTTAACGGCCGCGACCTGATGGAACTGCGTAAATATCTGGCAGGTA - 1720 
Native   554 - N  G  D  G  V  V  N  G  R  D  L  M  E  L  R  K  Y  L  A  G   -  573 
 
Native  1721 - GCACTTCCAACATTGATCTGAACGCAGCAGACCTGAACAACGATGGCGCCGTAAACGGCC - 1780 
Native   574 - S  T  S  N  I  D  L  N  A  A  D  L  N  N  D  G  A  V  N  G   -  593 
 
Native  1781 - GTGACCTGCTGGAACTGATCAAACTGGTATTCGAAAAG                       - 1818 
Native   594 - R  D  L  L  E  L  I  K  L  V  F  E  K                        -  606 
Figure 3 Cont.  
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PCRJet
®
 synthesis of CAC–1 
Synthesis from scratch of CAC–1 was contracted to Megabase, using their patented technology, 
PCRJet®. Megabase analyzed the CAC–1 sequence and discretized it into shorter overlapping 
fragments, approximately 80 nucleotides in length. PCR (polymerase chain reaction) was 
performed on the entire mix of short synthesized oligos using their rapid thermocycler, essentially 
stitching together the entire 1656-bp sequence from scratch. The completed CAC–1 gene was 
blunt-end-ligated into the plasmid pST1Blue and transformed into the blue/white screening host E. 
coli XL1–Blue (Stratagene). Positive transformants were selected and sequenced, confirming that 
the CAC–1 sequence was completely accurate. Deposited glycerol stock as well as the extracted 
gene in pST1Blue (Invitrogen) plasmid were provided in both forms to our laboratory. 
Motivation for the isolation of PfamB 
After substantial tangential research to produce CAC–1, it became apparent that only the 
PfamB region should be produced. It should sufficiently resemble the GH44 catalytic domain that 
by producing a fusion protein with an affinity tag, the purification scheme could be drastically 
simplified without compromising any crystallization results. A threefold expression system for 
PfamB was planned to produce a native form of PfamB and two six-residue histidine-tagged fusion 
proteins, one with a C-terminal tag and the other with a N-terminal tag, with the latter possessing a 
thrombin cleavage site. These details along with the unique restriction sites to be used for the 
cloning are shown in Table 4.  
PCR primers were designed using Oligo 5.1TM (Molecular Biology Insight, www.oligo. net) to 
amplify the PfamB region from CAC-1 and attach the restriction sites for cloning into the 
expression vectors. Two sets of forward and reverse primers were successfully designed so that 
each set had similar melting temperatures (Tm’s), sufficiently above any hairpin Tm’s, and so that 
any 3’ dimers were below a free energy of –3 kcal/mol. The forward and reverse primers, CACF10 
and CACR10, amplified the PfamB fragment for use in both pET–11a and pET–14b, and this 
fragment is subsequently known as CACFR10. The forward and reverse primers, CACF11 and 
CACR11, amplified the PfamB fragment for use in pET–22b+ (all Novagen), and similarly this 
  
27 
fragment is called CACFR11. These primers were synthesized by the Iowa State University DNA 
Facility and their design features are shown in Tables 5a,b. 
Table 4. Expression vector strategy for producing PfamB. 
_______________________________________________________________________ 
Name Vector Histidine tag Cloning restriction sites 
 Terminus Cleavage site 5’ 3’ 
_______________________________________________________________________ 
Native pET–11a — — NdeI BamHI 
C–His pET–22b C — NdeI XhoI 
N–His pET–14b N Thrombin NdeI BamHI 
_______________________________________________________________________ 
Table 5a. Description of PCR primers for amplification of PfamB into expression vectors. 
_______________________________________________________________________ 
Primer ID Sequence (5’ to 3’) Restriction site 
_______________________________________________________________________ 
CACF10 GACA CAT ATG GAC GTA AAC GTG AAC NdeI 
CACR10 CAGT GAA TCC TTA CAG CAC GAT ATG 
CACR10* CAT ATC GTG CTG TAA GGA TTC ACTG BamHI 
CACF11 GACA CAT ATG GCA GTA AAC GTG AAC ATC NdeI 
CACR11 GATC CTC GAT CAG CAC GAT ATG CAC 
CACR11* *GTG CAT ATC GTG CTG CTC GAG GATC XhoI 
_______________________________________________________________________ 
Underline: restriction site; bold: stop codon; asterisk: reverse complements. 
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Table 5b. Description of PCR primers for amplification of PfamB into expression vectors. 
____________________________________________________________________________ 
Primer ID Primer GC Annealing Lengthb, ∆Gb, Lengthc, ∆Gc, Tm
c
, 
 length, content, Tm
a, °C bp kcal/mol bp kcal/mol °C 
 bp % 
____________________________________________________________________________ 
CACF10 25 44 63.5 2 –1.3 4 –0.4 35 
CACR10 25 44 60.7 2 –1.9 10 1.2 — 
CACF11 28 42 68.1 — — 4 –0.4 35 
CACR11 25 56 66.2 — — 7 –1.1 49 
____________________________________________________________________________ 
a
Tm calculated only for annealing section of primer; 
bmost stable 3’ dimer; clargest hairpin. 
Comparison of expected amino acid sequences 
By force of design, there are slight additions to the N- and C-terminal ends of expressed sequences 
(Figure 4). The second codon of NdeI is methionine, which is where translation begins, and this 
amino acid is included at the beginning of the sequence for the expressed protein from pET–11a 
and pET–22b. Translation for the N–His protein in pET–14b begins 19 residues before the NdeI 
site, which includes the histidine tag and thrombin restriction site. Therefore, with the translated 
NdeI site, the sequence MGSSHHHHHHSSGLVPRGSHM precedes the PfamB region. When the 
thrombin restriction site is used, only the last four amino acids, GSHM, precede the PfamB region. 
At the C-terminus, pET–11a and pET–14b both end with the last residue of the Pfam region due to 
the following stop codon, as designed by the CACR10 reverse primer. The C–His protein includes 
the translated XhoI restriction site plus the six histidine residues, resulting in the addition of 
LEHHHHHH before ending translation at the stop codon in the pET–22b vector. 
PCR amplification of PfamB fragments 
Megabase provided the synthesized cDNA of CAC0915 ligated in pST1Blue and transformed 
into E. coli, and the –80°C deposited stock was used to inoculate a 500-mL LB culture. Antibiotic 
pressure, to maintain the plasmid, was applied through carbenicillin (50 mg/L) and this media is 
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  1)       1 - M  K  R  N  K  I  L  V  S  A  L  A  I  A  F  S  S  M  V  L   -  20 
  5)       1 -                                     M  G  S  S  H  H  H  H   -   8 
 
  1)      21 - T  P  V  S  G  L  K  V  F  A  D  T  A  D  V  N  V  N  I  D   -  40 
  2)       1 -                                        D  V  N  V  N  I  D   -   7 
  3)       1 -                                     M  D  V  N  V  N  I  D   -   8 
  4)       1 -                                     M  D  V  N  V  N  I  D   -   8 
  5)       9 - H  H  S  S  G  L  V  P  R  G  S  H  M  D  V  N  V  N  I  D   -  28 
  6)       1 -                            G  S  H  M  D  V  N  V  N  I  D   -  11 
 
1–6)    **41 - T  N  A  E  K  Q  A  I  S  P  Y  I  Y  G  T  N  Q  D  F  S   -  60 
1–6)      61 - N  A  K  V  T  A  R  R  I  G  G  N  R  S  T  G  Y  N  W  E   -  80 
1–6)      81 - N  N  D  S  N  A  G  T  D  W  K  N  E  S  D  N  Y  W  L  T   - 100 
1–6)     101 - L  Y  D  V  P  K  E  K  Y  N  E  P  A  S  V  Y  T  A  F  H   - 120 
1–6)     121 - D  K  S  L  A  M  G  V  P  Y  S  L  V  T  L  Q  A  G  G  Y   - 140 
1–6)     141 - V  A  A  D  Q  S  G  P  L  A  N  T  D  V  A  P  S  S  K  W   - 160 
1–6)     161 - K  K  V  E  F  N  K  N  G  P  L  S  L  T  P  D  T  T  D  G   - 180 
1–6)     181 - S  V  Y  M  D  E  F  V  N  Y  L  V  N  K  Y  G  S  A  S  G   - 200 
1–6)     201 - S  K  G  I  K  G  Y  S  L  D  N  E  P  S  L  W  P  S  T  H   - 220 
1–6)     221 - P  L  I  H  P  D  K  T  K  C  S  E  V  L  D  K  D  T  Q  L   - 240 
1–6)     241 - A  Q  V  V  K  K  I  D  P  A  A  E  T  F  G  P  A  L  F  G   - 260 
1–6)     261 - F  S  A  F  N  D  F  N  S  S  P  D  W  S  S  V  K  G  N  Y   - 280 
1–6)     281 - Q  W  F  I  D  Y  Y  L  D  N  M  K  K  N  S  D  A  A  G  K   - 300 
1–6)     301 - R  L  L  D  A  L  D  L  H  W  Y  P  E  A  K  G  G  G  Q  R   - 320 
1–6)     321 - V  T  T  S  D  T  S  N  V  D  C  N  K  A  R  M  Q  A  P  R   - 340 
1–6)     341 - S  L  W  D  S  T  Y  T  E  D  S  W  I  G  Q  W  C  K  W  G   - 360 
1–6)     361 - L  P  L  I  P  K  V  K  S  S  I  D  K  Y  Y  P  G  T  K  L   - 380 
1–6)     381 - S  F  S  E  Y  N  Y  G  G  E  D  H  I  S  G  G  I  A  Q  A   - 400 
1–6)     401 - D  A  L  G  V  F  G  K  Y  G  V  Y  F  A  T  Y  W  E  C  N   - 420 
1–6)     421 - S  D  K  N  N  Y  V  Q  S  A  F  N  L  Y  N  N  Y  D  G  N   - 440 
1–6)     441 - N  S  K  Y  G  D  T  D  V  K  C  D  T  S  D  I  N  N  S  S   - 460 
1–6)     461 - T  Y  A  S  V  T  S  N  D  G  N  K  M  D  I  I  V  M  N  K   - 480 
1–6)     481 - N  Y  T  D  S  I  N  F  N  F  N  V  S  S  N  K  N  Y  T  S   - 500 
1–6)     501 - G  Q  V  W  G  F  D  S  N  S  S  N  I  T  K  R  D  D  V  S   - 520 
1–6)     521 – S  I  S  G  N  K  F  T  Y  K  I  P  A  L  T  A  V  H  I  V   - 540 
 
  1)     541 - L  T  T  A  Q  K  S  S  V  K  G  D  V  N  G  D  G  V  V  N   - 560 
  2)     508 - L  T  A  V  H  I  V  L                                       - 515 
  3)     509 - L  T  A  V  H  I  V  L  *                                    - 516 
  4)     509 - L  T  A  V  H  I  V  L  L  E  H  H  H  H  H  H  *            - 524 
  5)     529 - L  T  A  V  H  I  V  L  *                                    - 536 
  6)     512 - L  T  A  V  H  I  V  L  *                                    - 519 
 
  1)     561 - G  R  D  L  M  E  L  R  K  Y  L  A  G  S  T  S  N  I  D  L   - 580 
  1)     581 - N  A  A  D  L  N  N  D  G  A  V  N  G  R  D  L  L  E  L  I   - 600 
  1)     601 - K  L  V  F  E  K                                             - 606 
 
Figure 4. Amino acid sequences. 1) C. acetobutylicum ATCC 824 CAC0915; 2) CAC0915 PfamB 
domain; 3) CACFR10 in pET–11a expressed protein; 4) CACFR11 in pET–22b expressed protein; 
5) CACFR10 in pET–14b expressed protein; 6) CACFR10 in pET–14b expressed protein after 
thrombin cleavage. Asterisk: Stop codon. **CAC0915 amino acid numbering used for grouped 
sequences. 
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subsequently referred to as LB/Carb media. The culture was grown overnight at 37°C with shaking 
at 250 rpm, and the plasmid DNA was extracted using a Qiagen Plasmid Maxiprep Kit, resulting a 
final concentration of 1020 mg/L. A total of 3.7 µg of plasmid DNA was digested with HindIII 
(Promega) in a total reaction volume of 15 µL, following Promega’s recommended protocol. The 
digestion was incubated at 37°C for 2 h, then purified using a Qiagen QIAquick PCR Purification 
Kit. This linearized DNA served as the template DNA for the following PCR reactions. 
Unless otherwise stated, kits, restriction digests, and ligations were conducted according to the 
manufacturer’s protocols. Restriction digests were carried out using enzyme-specific buffers, 
instead of using general-purpose buffers. Also, any mixtures involving DNA were balanced, as 
appropriate, with nuclease-free double-deionized water (ddH2O). Finally, all nucleic acid concen-
trations were calculated by absorbance at 260 nm, requiring only 1 µL of sample and appropriately 
blanked, using a Nanodrop® ND-1000 (Nanodrop Technologies) spectrophotometer. 
PCR reactions were conducted with a series of different component concentrations, including 
supplementation with betaine and dimethyl sulfoxide (DMSO), to identify favorable conditions for 
amplifying the PfamB fragments. It was fortunate that both CACFR10 and CACFR11 amplified 
well under various sets of conditions. Subsequently, CACFR10 was amplified with 25 µL GoTaq® 
Green Master Mix (Promega) supplemented to 1.5 mM magnesium chloride (MgCl2), and with 5% 
DMSO, 0.5 pmol forward and 0.5 pmol reverse primers, and 30 ng template DNA in a final 
volume of 50 µL. The CACFR11 amplification was prepared two ways. One was the same as 
previously described, while the other did not supplement additional MgCl2 but instead added 1.3 M 
betaine, both with the appropriate primers. Touchdown PCR was conducted in a Bio–Rad 582BR 
iCyclerTM thermal cycler, with separate runs for the different amplification products due to their 
different temperature profiles (Table 6). 
Gel electrophoresis was used following PCR to separate amplified CACFR10 and CACFR11 
from the other PCR products. CACFR10 and CACFR11 are 1547 and 1544 bp long, the 
approximate size of the most intense bands for those sample (Figure 5). Molecular biology grade 
(MBG) agarose gels (1.2%) were prepared in 1x TAE buffer. The gels were run with 1x TAE 
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Table 6. Touchdown PCR protocol for amplification of CACFR10 and CACFR11. 
______________________________________________________________________ 
 Step CACFR10 CACFR11 
Cycle repeats Step T, °C t, min T, °C t, min 
______________________________________________________________________ 
 1 1x  93 4 93 4 
 2 30x 1 93 0.5 93 0.5 
   2 67* 1 71* 1 
   3 72 2 72 2 
*Decrease T by 0.5°C after every cycle 
 3 30x 
 1 93x 0.5 93 0.5 
   2 45 1 57 1 
   3 72 2 72 2 
 4 1x  72 7 72 7  
 5 1x  4 ∞ 4 ∞ 
______________________________________________________________________ 
 
 
 
 
 
 
Figure 5. PCR amplification of CACFR10 and CACFR11. 1) PCR core positive control; 2) primer 
negative control; 3) template DNA negative control; 4, 15) λ DNA ladder (1 µL λ DNA 
HindIII/EcoRI, Promega); 5–8) CACFR10; 9–14) CACFR11 amplified with betaine; 16–21) 
CACFR11 amplified with betaine and additional MgCl2. Sample lanes contain 16 µL of PCR 
products. 
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running buffer and 88 V for 80 min. Staining and destaining were performed in 0.5 mg/L ethidium 
bromide and ddH2O, respectively, each for 20 min. The stained DNA was visualized on a UV-
transilluminator (Fotodyne 3–3100) and photographed using a Fotodyne FC–10 camera on 
Polaroid 667 film, with an f-stop setting of f/5.6, a manual shutter speed of 1 s, and an exposure 
time of 60 s. Short-wavelength UV light (254 nm) fluoresced the stained DNA, and although 
successful work was achieved by this method, long-wavelength UV (365 nm) should be used to 
prevent DNA degradation. The CACFR10 and CACFR11 bands were excised and purified a 
Qiagen Gel Extraction Kit, and eluted in 30 µL of elution buffer, for final concentrations of 80.6 
and 57.6 mg/L, respectively. 
Ligation and transformation into pGEM
®
–T Easy in E. coli Novablue 
The ligations of CACFR10 and CACFR11 into pGEM®–T Easy (Promega) were prepared for 
insertion at vector ratios of 1:1 and 3:1, with component mixtures according to the recom-
mendations with the T4 DNA ligase (Promega). Control Insert (Promega) and pGEM®–T Easy 
vector were used for negative (NC) and positive (PC) ligation controls. The reactions were 
prepared as shown in Table 7, with 5 µL of 2x rapid ligase buffer, 50 ng of pGEM®–T Easy, and 
0.33 µL of T4 DNA ligase (3 U/µL), taken to a final volume of 10 µL and incubated at 15°C 
overnight. 
Table 7. Blunt ligation mixtures for CACFR10 and CACFR11 into pGEM®–T Easy. 
_________________________________________________________________________ 
DNA/control CACFR10 CACFR11 NC PC 
Insert:vector ratio 1:1 3:1 1:1 3:1 
_________________________________________________________________________ 
Purified DNA, ng 25.7 77.1 25.2 75.6  — 8 
_________________________________________________________________________ 
Following incubation, the ligation mixtures were transformed into E. coli Novablue SinglesTM 
(Novagen), according to the recommended heat shock procedure. Volumes of 15, 100, and 750 µL 
of these tranformations were spread onto agar (16 g/L) plates of LB/Carb, tetracycline (12.5 
mg/L), X–gal (70 g/L), and isopropyl-β-D-thiogalactopyranoside (IPTG) (1 mM), and incubated 
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for 16 h at 37°C. The E. coli Novablue and pGEM®–T Easy pairing allows for blue/white 
screening of the potential transformants. Generally, successful clones grow as white colonies due 
to placing the insert into and thus disrupting the lac operon, preventing the expression of β-galacto-
sidase, which reacts with X–gal to form a blue pigment. Few white colonies grew, meaning there 
were few potential recombinants (Table 8). 
LB/Carb cultures (15 mL), supplemented with 12.5 mg/L tetracycline (LB/Carb/Tet), were 
prepared with randomly selected white colonies, with some blue colonies as negative controls, and 
grown overnight in 50-mL polypropylene tubes at 37°C with shaking at 250 rpm. To deposit the 
cell lines from each of these CFUs, cells from 4.5 mL of culture were collected by centrifugation at 
10,000g for 4 min and resuspended in 500 µL of LB/Carb/Tet media and 500 µL of 20% glycerol, 
then stored at –80°C. Plasmid DNA from the remaining culture was extracted using a QIAprep 
Miniprep Kit and eluted with 30 µL of elution buffer, resulting in sufficiently high DNA 
concentraions, generally between 400 and 600 mg/L.  
Table 8. Colony counts for CACFR10 and CACFR11 into pGEM®–T Easy ligation. 
________________________________________________________________________ 
 Blue Colonies White Colonies  
Plating Volume, µL 15 100 750 15 100 750 
________________________________________________________________________ 
CACFR10:pGEM, 1:1 0 2 37 0 0 2 
CACFR10:pGEM, 3:1 0 11a 130 0 2b 3 
CACFR11:pGEM, 1:1 0 0 10 0 0 0 
CACFR11:pGEM, 3:1 0 4c 30 1d 2e 3 
NC  — — 6 — — 0 
PC — — 6 — — 18 
________________________________________________________________________ 
Source of screened potential recombinants and negative controls: aNblue; bN1–N2; cCblue; dC1; 
eC2–C3. 
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Restriction digestions were performed on the potential recombinants and negative controls to 
determine which, if any, may have contained the entire CACFR10 or CACFR11 sequences. Three 
restriction digestions were selected, each of which would produce a different band pattern, to 
confidently identify potential recombinants. The expected band patterns are the same for either 
CACFR10 or CACFR11 and are as follows: SmaI produces a band of 4.3 kilobases (kb), SacI 
produces bands of 4.3, 3.3, and 1.2 kb, and HincII produces bands of 3.4 and 1.1 kb. So three sets 
of separate restriction digests on each sample, using the restriction enzymes SmaI, SacI, and HincII 
(all Promega), were carried out on 1 µg of extracted plasmid DNA, with 2 µL of the 10x enzyme-
specific buffer, 2 µg acetylated BSA, and 5 units of the respective enzyme, each in a total volume 
of 20 µL. Following the 4-h digestions at 37°C, 1 µL loading dye was added to each digestion, 
which was then loaded entirely onto a 1.2% standard agarose gel and processed as previously 
described (Figure 6). 
 
 
 
 
 
 
 
Figure 6. Restriction digests of potential recombinants CACFR10 (N1–N2) and CACFR11 (C1–
C3) in pGEM T–Easy. Blue colonies of CACFR10 and CACFR11, Nb and Cb, respectively, were 
used as size controls. 1) N1 SmaI; 2) N2 SmaI; 3) Nb SmaI; 5) N1 SacI; 6) N2 SacI; 7) Nb SacI; 9) 
N1 HincII; 10) N2 HincII; 11) Nb HincII; 12) C1 SmaI; 13) C2 SmaI; 14) C3 SmaI; 15) Cb SmaI; 
17) C1 SacI; 18) C2 SacI; 19) Cb SacI; 21) C3 SacI; 22) C1 HincII; 23) C2 HincII; 24) C3 HincII; 
25) Cb HincII; 4, 8, 16, 20) λ DNA ladder. 
One CFU for both of the CACFR10 and CACFR11 ligations matched the expected restriction 
band patterns of positive clones, and these were N2 and C2, respectively. The remainder of their 
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extracted plasmids were each concentrated by ethanol precipitation and dissolved with nuclease-
free ddH2O to meet the 0.25 µg/µL sequencing requirement (Sambrook and Russell 2001). 
Samples of N2 and C2 were submitted to the ISU DNA Facility for sequencing between the T7–1 
forward and SP–6 reverse primers. The DNA Facility uses the ABI (Applied Biosystems Inc.) 
3730xl DNA analyzer with a four-color dye system, one for each type of nucleotide, and this 
equipment can achieve accurate sequences for 600 to 900 bp. These primers span the inserts by 
approximately 50 bp each, making the total sequence for sequencing approximately 1650 bp, so 
given sufficient overlap, T7–1 and SP–6 could identify the entire sequence, which turned out to be 
the case. 
The expected sequences of CACFR10 (Figure 7) and CACFR11 were aligned to their 
respective T7–1 forward and SP–6 reverse complemented sequences using ClustalX (Thompson et 
al. 1997). In both cases, the forward sequences and reverse sequences were error-free through 
close to 900 and 700 bp, respectively, such that the sequences even overlapped for greater than 150 
bp without a mismatch. These results show that the PCR amplifications of CACFR10 and 
CACFR11 and their ligations into pGEM®–T Easy were successful.  
 
CACFR10       1 - GACACATATGGACGTAAACGTGAACATCGACACCAATGCGGAAAAGCAGGCGATTTCCCC -   60 
N2_T71            GACACATATGGACGTAAACGTGAACATCGACACCAATGCGGAAAAGCAGGCGATTTCCCC 
 
CACFR10      61 - GTACATCTACGGTACCAACCAGGATTTCTCTAATGCGAAAGTAACCGCACGTCGTATTGG -  120 
N2_T71            GTACATCTACGGTACCAACCAGGATTTCTCTAATGCGAAAGTAACCGCACGTCGTATTGG 
 
CACFR10     121 - CGGTAACCGCTCCACCGGCTACAATTGGGAAAACAACGATTCCAACGCGGGCACTGATTG -  180 
N2_T71            CGGTAACCGCTCCACCGGCTACAATTGGGAAAACAACGATTCCAACGCGGGCACTGATTG 
 
CACFR10     181 - GAAGAATGAATCTGATAACTATTGGCTGACCCTGTATGATGTGCCGAAAGAGAAGTATAA -  240 
N2_T71            GAAGAATGAATCTGATAACTATTGGCTGACCCTGTATGATGTGCCGAAAGAGAAGTATAA 
 
CACFR10     241 - CGAACCGGCAAGCGTTTATACTGCGTTTCACGACAAATCCCTGGCTATGGGCGTGCCGTA -  300 
N2_T71            CGAACCGGCAAGCGTTTATACTGCGTTTCACGACAAATCCCTGGCTATGGGCGTGCCGTA 
 
CACFR10     301 - TAGCCTGGTAACCCTGCAAGCCGGCGGTTACGTGGCGGCGGATCAGTCTGGCCCTCTGGC -  360 
N2_T71            TAGCCTGGTAACCCTGCAAGCCGGCGGTTACGTGGCGGCGGATCAGTCTGGCCCTCTGGC 
 
CACFR10     361 - AAATACCGATGTTGCACCGAGCTCCAAGTGGAAGAAGGTCGAGTTCAACAAGAACGGTCC -  420 
N2_T71            AAATACCGATGTTGCACCGAGCTCCAAGTGGAAGAAGGTCGAGTTCAACAAGAACGGTCC 
 
CACFR10     421 - TCTGTCTCTGACTCCAGATACCACCGACGGTTCTGTGTATATGGACGAATTTGTGAACTA -  480 
N2_T71            TCTGTCTCTGACTCCAGATACCACCGACGGTTCTGTGTATATGGACGAATTTGTGAACTA 
 
Figure 7. DNA sequencing of the CFU N2 from CACFR10 + pGEM®-T Easy ligation, trans-
formed in E. coli Novablue cells. Truncated T7–1 and SP–6 reverse complement sequences are 
aligned with CACFR10 with mismatches shown in red. 
  
36 
 
CACFR10     481 - CCTGGTTAACAAATATGGTTCTGCCTCTGGTAGCAAGGGTATCAAAGGTTACTCCCTGGA -  540 
N2_T71            CCTGGTTAACAAATATGGTTCTGCCTCTGGTAGCAAGGGTATCAAAGGTTACTCCCTGGA 
 
CACFR10     541 - TAACGAGCCGTCCCTGTGGCCAAGCACCCACCCACTGATCCACCCGGATAAAACCAAATG -  600 
N2_T71            TAACGAGCCGTCCCTGTGGCCAAGCACCCACCCACTGATCCACCCGGATAAAACCAAATG 
N2_SP6_RC                                                   CCCGGATAAANCCAAATG 
 
CACFR10     601 - CTCTGAAGTACTGGACAAAGATACGCAGCTGGCACAGGTTGTTAAGAAAATTGACCCGGC -  660 
N2_T71            CTCTGAAGTACTGGACAAAGATACGCAGCTGGCACAGGTTGTTAAGAAAATTGACCCGGC 
N2_SP6_RC         NTCTGAAGTACTGGACAAAGATACGCAGCTGGCACAGGTTGTTAAGAAAATTGACCCGGC 
 
CACFR10     661 - AGCGGAGACCTTCGGTCCGGCACTGTTCGGCTTTAGCGCGTTCAACGACTTCAACTCTTC -  720 
N2_T71            AGCGGAGACCTTCGGTCCGGCACTGTTCGGCTTTAGCGCGTTCAACGACTTCAACTCTTC 
N2_SP6_RC         AGCGGAGACCTTCGGTCCGGCACTGTTCGGCTTTAGCGCGTTCAACGACTTCAACTCTTC 
 
CACFR10     721 - CCCGGATTGGTCTTCTGTAAAAGGCAACTACCAGTGGTTCATCGATTATTATCTGGACAA -  780 
N2_T71            CCCGGATTGGTCTTCTGTAAAAGGCAACTACCAGTGGTTCATCGATTATTATCTGGACAA 
N2_SP6_RC         CCCGGATTGNTCTTCTGTAAAAGGCAACTACCAGTGGTTCATCGATTATTATCTGGACAA 
 
CACFR10     781 - TATGAAGAAGAATTCTGATGCGGCGGGCAAGCGTCTGCTGGATGCCCTGGATCTGCATTG -  840 
N2_T71            TATGAAGAAGAATTCTGATGCGGCGGGCAAGCGTCTGCTGGATGCCCTGGATCTGCATTG 
N2_SP6_RC         TATGAAGAAGAATTCTGATGCGGCGGGCAAGCGTCTGCTGGATGCCCTGGATCTGCATTG 
 
CACFR10     841 - GTACCCAGAAGCGAAGGGTGGCGGTCAGCGTGTGACCACTAGCGACACGTCCAATGTTGA -  900 
N2_T71            GTACCCAGAAGCGAAGGGTGGCGGTCAGCGTGTGACCACTAGCGACACGTCCAATGNTGA 
N2_SP6_RC         GTACCCAGAAGCGAAGGGTGGCGGTCAGCGTGTGACCACTAGCGACACGTCCAATGTTGA 
 
CACFR10     901 - TTGCAACAAAGCGCGTATGCAGGCCCCGCGTTCTCTGTGGGATTCTACTTACACCGAGGA -  960 
N2_T71            TTGCAACAAAGCGCGTATGCAGGCCCCGCGTTCTCTGTGGGATTCTACTTACACCGAGGA 
N2_SP6_RC         TTGCAACAAAGCGCGTATGCAGGCCCCGCGTTCTCTGTGGGATTCTACTTACACCGAGGA 
 
CACFR10     961 - CTCTTGGATCGGTCAGTGGTGCAAGTGGGGTCTGCCACTGATCCCGAAGGTGAAATCCTC - 1020 
N2_T71            CTC  
N2_SP6_RC         CTCTTGGATCGGTCAGTGGTGCAAGTGGGGTCTGCCACTGATCCCGAAGGTGAAATCCTC 
 
CACFR10    1021 - CATCGATAAATACTACCCGGGTACTAAACTGTCCTTCTCCGAATACAACTATGGTGGTGA - 1080 
N2_SP6_RC         CATCGATAAATACTACCCGGGTACTAAACTGTCCTTCTCCGAATACAACTATGGTGGTGA 
 
CACFR10    1081 - AGACCATATTTCTGGCGGTATCGCGCAGGCCGACGCTCTGGGTGTGTTCGGTAAATACGG - 1140 
N2_SP6_RC         AGACCATATTTCTGGCGGTATCGCGCAGGCCGACGCTCTGGGTGTGTTCGGTAAATACGG 
 
CACFR10    1141 - TGTGTATTTCGCGACCTATTGGGAGTGTAATAGCGATAAGAACAACTATGTCCAGTCTGC - 1200 
N2_SP6_RC         TGTGTATTTCGCGACCTATTGGGAGTGTAATAGCGATAAGAACAACTATGTCCAGTCTGC 
 
CACFR10    1201 - GTTCAACCTGTACAACAATTATGATGGCAACAATTCTAAATATGGCGATACTGACGTGAA - 1260 
N2_SP6_RC         GTTCAACCTGTACAACAATTATGATGGCAACAATTCTAAATATGGCGATACTGACGTGAA 
 
CACFR10    1261 - GTGTGATACCAGCGATATCAACAACTCTAGCACCTACGCGAGCGTGACTTCCAACGATGG - 1320 
N2_SP6_RC         GTGTGATACCAGCGATATCAACAACTCTAGCACCTACGCGAGCGTGACTTCCAACGATGG 
 
CACFR10    1321 - CAACAAAATGGATATCATCGTCATGAACAAGAACTATACCGATTCTATTAACTTCAACTT - 1380 
N2_SP6_RC         CAACAAAATGGATATCATCGTCATGAACAAGAACTATACCGATTCTATTAACTTCAACTT 
 
CACFR10    1381 - CAACGTATCTTCTAACAAGAACTACACTTCTGGTCAGGTCTGGGGTTTTGACTCTAACTC - 1440 
N2_SP6_RC         CAACGTATCTTCTAACAAGAACTACACTTCTGGTCAGGTCTGGGGTTTTGACTCTAACTC 
 
CACFR10    1441 - CAGCAACATCACCAAACGTGACGATGTTTCCTCTATTTCTGGCAACAAGTTCACCTACAA - 1500 
N2_SP6_RC         CAGCAACATCACCAAACGTGACGATGTTTCCTCTATTTCTGGCAACAAGTTCACCTACAA 
 
CACFR10    1501 – AATCCCGGCCCTGACCGCAGTGCATATCGTGCTGTAAGGATTCACTG              - 1547 
N2_SP6_RC         AATCCCGGCCCTGACCGCAGTGCATATCGTGCTGTAAGGATTCACTG 
 
Figure 7 Cont.  
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Digestions, ligation and transformation into pET–22b in E. coli BL21 (DE3) 
To prepare the pET–22b vector for the ligation with the CACFR11 fragment, it was digested 
first with NdeI and then XhoI. The first digestion consisted of 4 µg of pET–22b with 6 µL of 10x 
NEB4 buffer (New England Biolabs), 6 µg acetylated BSA, and 15 units (U) of NdeI (New 
England Biolabs) in a total volume of 60 µL. This was carried out at 37ºC for 4 h, followed by heat 
inactivation at 65°C for 20 min. The digestion was ethanol-precipitated and redissolved in 20 µL 
elution buffer (Sambrook and Russell 2001). The second digestion consisted of eluted DNA 
remaining after the ethanol precipitation, and 6 µL of 10x Buffer D (Promega), 6 µg acetylated 
BSA, and 15 U of XhoI (Promega). The total reaction volume was 60 µL and the digestion was 
carried out at 37°C for 5 h, after which the sample was frozen overnight at –20°C. The differently-
sized fragments were separated by gel electrophoresis on a gel using 1.2% MBG agarose, with the 
previously described processing conditions. The expected pET–22b digested fragment was 5.4 kb 
long, and so this fragment of this size was excised and purified using a Qiagen Gel Extraction Kit, 
with a final concentration of 96.4 ng/µL. This method does not have the precision to differentiate 
between the singly- and doubly-digested vector fragments, but it did allow the exclusion of uncut 
vector and other potential contaminants (Figure 8). 
Similar to preparing the pET–22b vector, the CACFR11 fragment was digested with NdeI and 
then XhoI to create compatible ends for ligation and to remove it from the pGEM®–T Easy vector. 
The NdeI digestion consisted of 3 µg of pET–22b, with 4 µL of 10x NEB4 buffer (New England 
Biolabs), 4 µg acetylated BSA, and 10 U of NdeI (New England Biolabs), in a total volume of 40 
µL, digested at 37°C for 4 h, followed by heat inactivation for 20 min at 65°C. An ethanol 
precipitation was used following the standard procedure and the DNA was redissolved in 20 µL 
ddH2O. The second digest consisted of this eluted DNA sample with 4 µL of 10x Buffer D, 4 µg 
acetylated BSA, and 10 U of XhoI, in a total volume of 40 µL, again digested for 4 h at 37°C, 
followed by freezing overnight at –20°C. Again separation was done by gel electrophoresis under 
the same conditions as before and the digested 1.53-kb insert was excised and purified using a 
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Qiagen Gel Extraction Kit, resulting in a final concentration of 51.6 ng/µL. Figure 8 also shows the 
linearized CACFR11-ligated pGEM®–T Easy vector and two doubly-digested fragments. 
 
 
Figure 8. 2) pET–22b NdeI digestion; 3–5) pET–22b NdeI/XhoI digestion; 7) CACFR11 in 
pGEM®–T Easy (CFU C2) NdeI digestion; 8–11) CACFR11 in pGEM®–T Easy (CFU C2) 
NdeI/XhoI digestion; 12) CACFR11 in pGEM®–T Easy (CFU C2) uncut; 1, 6) λ DNA ladder. 
Two ligation ratios and vector and insert controls were prepared, according to the amounts 
listed in Table 9, with 1 µL of 10x ligation buffer and 0.33 µL of T4 DNA ligase taken to a final 
volume of 10 µL, for ligation of CACFR11 into the C–His expression vector, pET-22b, through the 
matching sticky-ends created by digestions with NdeI and XhoI. Following a 13-h ligation at 4°C, 
the ligation mixtures were transformed into E. coli BL21 (DE3) with an Electroporator II 
(Invitrogen) powered by the EC600 power supply (E–C Apparatus Corporation) with capacitance, 
maximum voltage, resistance, and amperage settings of 50 µF, 1800 V, 150 Ω, and 15 mA, 
respectively. Electrocompotent E. coli BL21 (DE3) cells had been prepared previously according  
Table 9. Ligation mixtures for CACFR11 into pET–22b. 
______________________________________________________________ 
DNA/control CACFR11 NC1 NC2 
Insert:vector ratio 1:1  3:1 
______________________________________________________________ 
NdeI/XhoI CACFR11, ng 9.4 84.7 — 84.7 
NdeI/XhoI pET–22b, ng  100 100 100 — 
______________________________________________________________ 
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to the procedure in the Electroporator II manual. These cells, already in 40-µL aliquots, were 
placed on ice to thaw for at least 5 min, but generally for less than 10 min, before 2 µL of ligation 
mixture was added and gently mixed. This mixture was quickly added to a 0.1-cm gap cuvette, 
freshly removed from a –20°C freezer, and pulsed according to the previously detailed electro-
porator settings. It was suspended and transferred in 1.5 mL room-temperature SOC media into a 
15-mL polypropylene tube and incubated at 37°C with 250 rpm of shaking. Following approxi- 
mately 1 h cell growth, the cell cultures were plated onto LB/Carb plates, which were subsequently 
incubated at 37°C for 11 h. This procedure followed the recommended procedure for bacterial 
electroporation in the Electroporator II manual. Listed in Table 10 are the colony counts from this 
transformation with the CACFR11 fragment in the C–His expression vector. 
Table 10. Colony counts for CACFR11 fragment and pET-22b ligation. 
______________________________________________ 
Plating Volume (µL) 10 100   
______________________________________________ 
C–His insert:vector 1:3 3 37  
C–His insert:vector 3:1 ~360 >103    
pET-22b vector control — >104  
______________________________________________ 
Thirteen potential recombinants from the 10 µL plate of the 3:1 insert to vector ratio colonies 
were grown overnight in LB/Carb media, deposited as previously described, and processed by a 
Qiagen Miniprep Kit to extract their plasmid DNA. HincII restriction digests were carried on each 
of the samples with 2 µL Buffer B (Promega), 2 µL of 1 mg/mL acetylated BSA, 2 µL sample 
DNA, and 5 units of HincII, in a total volume of 20 µL. Following digestions over 4 h at 37°C, 
samples were inactivated at 65°C for 20 min and then run on an agarose gel as previously 
described. Sucessful clones should have produced two bands at 5.1 and 1.8 kb, which occurred for 
CFUs C3, C11, and C12 (Figure 9). The other potential transformants were unsuccessful and 
produced two bands of 3.4 and 1.4 kb, corresponding to empty pET-22b.  
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Figure 9. Potential recombinant screening by separate restriction digests with EcoRI and HincII. 
CFUs C3, C11, C12 each shows the expected band pattern for the recombinant CACFR11 
fragment in pET-22b. 
This concludes the cloning of the GH44 catalytic domain, corresponding to the PfamB region 
of CAC0915, into the C–His expression vector pET–22b, and transformation into E. coli BL21 
(DE3). As detailed in the Results and Discussion section, activity of the expressed enzyme was 
qualitatively confirmed by incubating cell lysate on CMC plates with Congo Red staining. Small 
fermentations were used to indentify suitable growth media, induction concentration of IPTG, and 
the duration after induction before harvesting the products. The recombinant protein is expected to 
be localized in the cell cystoplasim, and so a broad range of buffers was screened to choose a 
suitable buffer for retaining or restoring protein solubility after cell lysis. Another round of 
qualitative activity tests by Congo Red located the general temperature and pH ranges for the 
enzyme activity, to identify suitable purification conditions. This work guided a test fermentation 
whose cell lysate soluble fraction was prepared and applied to a Ni–NTA (Novagen) affinity 
column to determine the degree of purification possible by that technique. Two subsequent 
purification steps chosen were gel filtration using P–100 (Bio–Gel) resin, and desalting and 
concentration using Vivaspin polyethersulfone columns (Sartorius). Protein concentrations, 
activities, and purities were determined by BCA assay, tetrazolium blue assay, and gel 
electrophoresis, to describe the production fermentation and purification steps and to characterize 
the purified protein. 
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PROTEIN PRODUCTION AND PURIFICATION 
Initial production and screening of C–His recombinant protein 
Initial fermentations were performed to identify suitable growth media, induction concen-
trations, and the time after induction before harvesting products. A 50-mL starter inoculum was 
prepared from the deposited stock of the CFU C3 sample of CACFR11 ligated into pET–22b 
vector and transformed in E. coli BL21 (DE3). This inoculum was grown overnight, and the 
centrifuged cells were used to inoculate four fermentation flasks to initial OD600 values of 0.2. 
These 250-mL flasks consisted of 50 mL of LB/Carb medium, with two flasks supplemented with 
1% glucose. The cultures were grown at 37ºC and shaken at 250 rpm to an OD600 of approximately 
0.5. IPTG at 0.4 mM and 1 mM was added to the cultures to induce protein production, following 
Novagen’s recommendations for pET-22b. Therefore, with the different media compositions, four 
different sets of conditions were tested. Two sets of 1-mL samples were collected from each flask 
immediately before and after induction and at 1, 2, 3, and 6 h after induction. One sample set was 
centrifuged at 10,000g for 10 min followed by decanting the cell-free broth and freezing the cells 
at –20°C. The other set was also centrifuged as before and frozen but the broth was not removed. 
Expression of the C–His protein was determined by SDS–PAGE analysis, while enzyme 
activity on CMC was determined by Congo Red staining. The frozen cell pellets were resuspended 
in 100 µL of 1% SDS, 2M urea, 1.2% 2-mercaptoethanol, 2.5% glycerol, and 15 mM Tris, pH 6.8, 
and then boiled for 5 min to completely solubilize the cellular proteins (Lindwall et al. 2000). 
Coomassie Blue dye (1 µL) was added to each sample; then approximately 50 µL of each sample 
was loaded onto a 4–20% polyacrylamide gradient gel (Bio–Rad) for SDS–PAGE analysis. The 
viscosity of some of the samples caused inconsistent loading but this did not affect these 
qualitative results. Key samples were loaded onto two gels and samples were run for 45 min in 1x 
TAE running buffer with 100 V and variable current starting at 134 mA and ending at 75 mA. The 
gels were stained in Coomassie Blue (Figure 10). 
There is a clear increase in the expression of the C–His protein for each of the four fermen-
tation conditions after induction. Based on these results, the expression of the recombinant protein 
reaches a maximal level within 2 to 3 h after induction, and 0.4 mM IPTG is a sufficient induction 
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Figure 10. SDS–PAGE analysis of CelA (approximate mass marked) with fermentation conditions, 
each LB/Carb media. PI stands for preinduction. 
concentration. There are no apparent differences to the expression caused by addition of 1% 
glucose to those media. 
The other set of frozen samples from that fermentation was used to measure the activity of the 
produced enzyme. The cells and broth were decanted, then the cells were put through three 
additional freeze-thaw cycles between the –20°C freezer and the 37°C water bath. Lysed cell 
debris (5 µL) was spotted onto pH 7 plates with 0.5% CMC and 50 mM potassium phosphate, and 
they were incubated overnight before staining with 3 mg/mL Congo Red reagent and destaining 
with 1 M NaCl (Theather and Wood 1982). The cell lysates created yellow clearing zones on the 
red-stained plates, clearly showing that the recombinant C–His protein has endoglucanase activity. 
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Selection of cell–lysis buffer based on protein solubility 
Lindwall et al. (2000) presented a methodology for screening a sparse matrix of buffer 
conditions to identify components favorable for solubilizing a recombinant protein. Twenty of the 
initial 30 buffers (1–6, 9, 10, 16–19, 22, and 25–30) were prepared, based on our available 
inventory (Lindwall et al. 2000). Following the recommended protocol, another fermentation of 
the CFU C3 was performed with 1-mL samples taken before induction and at harvest and boiled in 
the protein solubilization solution described previously. 
The bulk of the fermentation broth was harvested 3 h after induction, and the cells and broth 
were separated by centrifugation at 10,000g for 15 min. The cell pellet was resuspended in 30 mL 
buffer (10 mM Tris, pH 8.5, 100 mM NaCl, and 1 mM EDTA). Eighteen 1-mL aliquots were 
separated into 1.5-mL centrifugation tubes and then pelleted at 10,000g, followed by decanting and 
resuspension into each of the solublization buffers. Lysozyme was also added to each aliquot to a 
final concentration of 1 mg/mL, and the aliquots were incubated on ice for between 7 and 25 min 
with sonication for 30 s at 30% power output (Feliu et al. 1998). Then the samples were shaken on 
ice for 10 min before being centrifuged at 16,000g for 10 min to remove the cell debris from the 
soluble fraction (Lindwall et al. 2000). These soluble fractions were stored at 4°C overnight and 
then visualized by SDS–PAGE. 
Eighteen of the Lindwall et al. solubilization buffers were used to screen a variety of salt 
components for a suitable buffer to prepare for larger-scale production of the recombinant C–His 
protein. To 20 µL of each soluble fraction was added 1 µL of Coomassie Blue dye, 3 µL of 10x 
TAE running buffer, and 6 µL of nuclease-free water, for a total loading of 30 µL. Similarly, the 
preinduction and harvest samples, which were fully solubilized by boiling, were prepared with 5 
µL of sample, 1 µL of dye, 1 µL of 10x running buffer, and 3 µL of nuclease-free water for a total 
loading of 10 µL. These gels are shown in Figure 11. 
Only three buffers, 6, 18, and 28, solubilize the target protein well. It is important in note the 
size of the recombinant protein as clearly shown in the denatured harvest sample, due to the 
presence of a slightly larger protein that is readibly soluble in many of the buffers. Buffers 1, 2, 3, 
4, 5, 16, 19, and 22 all yield poor solubility, with buffer 4 perhaps the worst. Buffer 6 is 100 mM 
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potassium phosphate, 50 mM (NH4)2SO4, and 1% Triton X-100 at pH 6.0. Buffer 18 is 100 mM 
Tris, 100 mM KCl, 2mM EDTA, and 1% Triton X-100 at pH 8.2. Buffer 28 is 100 mM HEPES, 
50 mM LiCl, and 0.1% deoxycholate at pH 7.0. Buffer 4 is 100 mM HEPES and 100 mM KCl at 
pH 7.0 (Lindwall et al. 2000). The most and least effective buffers have some common 
components but their pHs vary. 
 
 
 
 
 
 
Figure 11. Sparse matrix solubility evaluation of CelA fusion protein (size marked). Lane A and B 
are preinduction and harvest samples, fully solubilized, respectively. The numbered samples are 
the soluble fractions in the corresponding Lindwall et al. (2000) buffers. 
Agarose plates were prepared for buffers 6, 18, and 28, with buffer 4 as a negative control, 
each with 0.5% CMC. However, the Triton X-100 in buffers 6 and 18 was unstable with 
autoclaving, so a screening test was performed without them. Both 5- and 20-µL spots of the 
soluble fractions from buffers 4, 6, 18, and 28 were placed onto the buffer 28 CMC plate and 
incubated overnight at 37°C before Congo Red staining. The result was that only the soluble 
fraction in buffer 28 was active; it was therefore selected as an acceptable buffer for maintaining 
the solubility of the recombinant C–His protein after cell lysis. 
Temperature stability qualitatively tested by Congo Red staining 
Spots of 5 µL of the soluble fractions in buffers 4 and 28 were applied to agarose plates 
suspended in their own buffer and containing 0.5% CMC. Five plates for each pairing were used, 
each at a different temperature (4°C, room temperature (approximately 22°C), 30°C, 37°C, and 
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50°C), and spots were applied at 1, 2, 3, 6, 12, and 24 h. The plates were stained following the 
standard procedure (Theather and Wood 1982) (Figure 12). As expected, there were significant 
clearing zones for buffer 28 while negligible clearing zones for buffer 4, based on the solubilities 
of the recombinant protein as seen by SDS–PAGE. This study reveals that 1 h or preferably 3 h is 
sufficient time for enzyme activity to be detected by the Congo Red method with this particular 
enzyme. Also, the temperature study appears to indicate that the optimal temperature range for 
activity of this enzyme is between 22 and 30°C, based on the intensity of the clearing zones. The 
Figure 12. Congo Red temperature and 
incubation study. A–E) 0.5% CMC agar 
plates with 5-µL spots of buffer 4 soluble 
fraction. F–J) 0.5% CMC agar plates with 
5-µL spots of buffer 28 soluble fraction. 
Incubation times (h) all follow that pattern 
on Plate A. Incubation temperature for A–
E and F–J are 4, 22, 30, 37, and 50°C, 
respectively. 
 
activity is noticeably decreased at both 4°C and 37°C and almost negligible at 50°C. A final 
conclusion is that the enzyme appears to be stable for at least 24 h at 30°C, based on the 
observation that the 24-h incubation time resulted in a larger clearing zone than for 12 h, as was 
also apparent for the room temperature plate. Based on this observation, it was determined that the 
enzyme could be purifed at room temperature without significant enzyme degradation. 
Ni–NTA chromatography validation 
A new fermentation of 500 mL of LB/Carb media was inoculated using a starter inoculum 
giving a very low OD600, and then grown until an OD600 of 0.57. At that point, IPTG was added to 
0.4 mM and the culture was grown overnight before harvesting 12 h after induction. The cells and 
broth were separated by centrifugation at 10,000g for 15 min and the cell pellet was resuspended in 
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4 mL of buffer 28 followed by a second centrifugation step, after which the pellet was again 
resuspended in 4 mL of buffer 28. Lysozyme was added to the mixture, which was incubated on 
ice for 5 min and then sonicated intermittently at 35% power output for 5 min. After incubation on 
ice for 10 min, the soluble fraction was isolated by centrifugation at 16,000g for another 10 min. 
The soluble fraction was decanted from the cellular debris and stored at 4°C. 
A 12-cm high, 0.8-cm diameter FPLC column containing Ni–NTA His·Bind® SuperflowTM 
(Novagen) was prepared with 10 mL resin and operated at room temperature. The column was 
equilibrated with the recommended binding buffer (50 mM Tris–HCl, pH 8.0, 300 mM NaCl, 10 
mM imidazole) and then 1 mL of soluble fraction was syringe-filtered (Costar 8110 uStar, 0.22 
µm) and applied to the column through the pump. The flow rate was set at approximately 1 mL/ 
min and this entire procedure follows Novagen’s recommended operating protocol for FPLC 
purification of native proteins. The nonbinding proteins passed through the column within 1–2 
column volumes, while binding buffer continued to pass through until the absorbance baselined. 
Approximately eight column volumes of wash buffer (50 mM Tris–HCl, pH 8.0, 300 mM NaCl, 
20 mM imidazole) was used to further rinse the column. No proteins were released during the 
wash phase. The elution was performed with 50 mM Tris–HCl, pH 8.0, 300 mM NaCl, and 250 
mM imidazole. A single peak was eluted at a volume approximately equal to the column volume. 
Multiple passes were run through the column (Figure 13). A second round of binding, loading, 
washing, and elution were essentially identical to the first round. Following the second round, the 
pooled nonbinding fractions from the first two runs were loaded onto the column. No proteins were 
released during this last elution step (not shown in Figure 13), indicating that the column had been 
adequately binding all of the possible protein. 
Key fermentation and purification fractions through this stage were analyzed by the previously 
described Congo Red procedure (Figure 14). Several observations should be made about the results 
of this qualitative test for enzymatic activity. The most important is that the elution fractions from 
the Ni–NTA affinity runs contain the recombinant protein and it is still active. The nonbinding 
fraction shows virtually no activity, which confirmed the chromatographic results, which showed 
that this fraction contained no recombinant protein. A second major observation is that there had 
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Figure 13. Multiple purification runs of the fermentation soluble fraction on a Ni–NTA column. 
Peaks A1, A2, and C are nonbinding peaks, B1 and B2 are elution peaks, and the buffer stages are 
shown on the UV280 chromatogram (the plot direction is right to left). 
Figure 14. Endoglucanase (CMCase) activity of the 
CelA fusion protein. 1) 20-µL nonbinding Ni–NTA 
fraction; 2) 20-µL cell pellet rinse in Lindwall buffer  
28; 3) 20-µL pooled Ni–NTA elution peaks; 4) 5-µL 
soluble fraction; 5) 5-µL insoluble fraction debris;  
6) 20-µL fermentation broth. 
 
 
been noticeable losses of protein during the processing stages. The fermentation broth showed 
weak activity, but it was also quite dilute, and this could account for a significant amount of the 
protein. Since this protein is produced without a signal peptide, it will not be excreted by the cell, 
and so the activity seen likely results from prematurely lysed cells. Rinsing the cells to remove any 
contaminating proteins from the broth is probably not necessary and it resulted in protein loss. 
Also, the insoluble fraction contained activity that could likely be minimized if the insoluble 
fraction were resuspended in additional buffer and then centrifuged a second time. 
Bulk production fermentation and processing 
Since the preliminary stages of purification were established by the work previously described, 
a large production run was performed. The stock of CFU C3, stored at –80°C and consisting of the 
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CACFR11 insert ligated into pET-22b and transformed into E. coli BL21 (DE3), was streaked onto 
a LB/Carb agar plate. After growth for 10 h at 37°C, a single colony was selected and used to 
inoculate 200 mL of LB/Carb media. This culture was split into two 250-mL flasks and grown 
overnight at 37°C with 250-rpm shaking. The inoculum OD600 was 2.5 and the cells were 
harvested, resuspended, and used to inoculate the main fermentation, as described before. The 
main fermentation consisted of 3.3 L of LB/Carb media at an initial OD600 of 0.053, split between 
four cheesecloth-covered 2.8-L culture flasks, and grown at room temperature with shaking at 250 
rpm. The growth of a single flask was monitored until the OD600 was greater than 1. At that point 
all of the flasks mixed and their combined OD600 was 1.49. A quarter of the culture was partitioned 
as a noninduced control, while the remainder was induced with 0.4 mM IPTG and divided between 
the remaining three flasks. The growth of noninduced and induced cultures was monitored hourly, 
with 1-mL samples being taken, centrifuged, decanted, boiled, and frozen as described before. 
The fermentation growth curve and SDS–PAGE analysis of the protein production during the 
fermentation were performed (Figure 15). The fermentation was induced during the logarithmic 
growth phase and harvested while the culture was still growing. Induction with IPTG had a 
negligible effect on the growth rate compared to the noninduced control, and although this allowed 
the culture to continue to increase in cell mass, there is room to optimize the recombinant protein 
production. Still, the induced culture does produce the CelA fusion protein, as shown by SDS–
PAGE analysis, and in greater amounts as the fermentation progressed after induction, shown with 
purified protein as a standard. The CelA fusion protein stained negatively, meaning that it was 
translucent with silver stain (Bio–Rad), and additional staining with Coomassie Blue was done. 
The SDS–PAGE gel was handled in the following way: 40 µL of the boiled, preinduced culture 
sample was loaded, with the other samples normalized based on OD. Samples were diluted with 2x 
reducing buffer (125 mM Tris–HCl, pH 6.8, 20% glycerol, 10% 2-mercaptoethanol, 4% SDS, 
0.0025% bromophenol blue), each to a 1x concentration except for the preinduced sample, which 
ended at 0.2x, limited by the initial sample volume and the gel well sizes. Standards and samples 
were boiled for 4 min, loaded into a 4–20% polyacrylamide gel (Bio–Rad) and run at 108 V with  
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Figure 15. (Left) OD600 growth curves of noninduced and induced cultures of the CelA fusion 
protein. Induction occurred at 5.25 h followed by harvest after 4 h later. (Right) Completely 
solubilized fermentation protein samples of CelA fusion protein (marked) on a Bio–Rad Ready 
Gel® 4–20% polyacrylamide gel. 1) Broad-range standard; 2) purified protein; 3) preinduction; 4) 
induced +2 h; 5) induced +3 h; 6) induced +4 h (harvest); 7) noninduced control; 8) noninduced +2 
h; 9) noninduced +3 h; 10) noninduced +4 h (harvest). Culture samples were normalized OD600. 
initial and final currents of 170 and 120 mA, respectively. The 52-min run was followed by silver 
staining (Bio–Rad) and Coomassie Blue staining.  
The fermentation harvest followed a similar but slightly modified procedure to the previously 
described method. Both noninduced and the combined induced cultures were handled separately 
and all fermentation fractions were stored on ice until processing could be performed. Processing 
these fractions was laborious, taking 6 h and was performed immediately after the 9-h production 
fermentation.  
The bulk of the cells and broth were separated by centrifugation at 10,000g and 4°C for 20 
min. The masses of the cell pellets were 4.5 and 11.5 g for the noninduced and induced cultures, 
respectively. The cell pellets were resuspended in buffer 28 to final volumes of 6 and 21 mL, 
repectively. Lysozyme and RNAse A (both Sigma) were added to each mixture to final concen-
trations of 1 and 200 µg/mL, respectively. The cell suspensions were incubated on ice for at least 
20 min before being sonicated at 30% power output for 4.5 min, on ice and with occasional 
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swirling. Soluble fractions were colleted after centrifugation at 16,000g in a prechilled 4°C rotor. 
The volumes of each soluble fraction collected were 1.5 and 12.5 mL for the noninduced and 
induced cultures, respectively. 
The decanted cell broth of the induced cultures was ultrafiltered using a Model 8050 stirred 
cell (Amicon) with a 30-kDa MWCO (molecular weight cut-off) polyether sulfone (PES) 
membrane (Millipore). The broth was concentrated from approximately 2.4 L to 500 mL and the 
noninduced broth was not concentrated.  
Samples of 15 mL of each culture, set aside before centrifugation, were processed by osmotic 
shock to release periplasmic proteins (Tkac et al. 2004). Cell pellets from the samples isolated 
were centrifuged at 6,000g for 10 min at 4°C and then were each resuspended in 250 µL of 20 mM 
Tris–HCl and 6 mM EDTA at pH 7.4. Samples were stored on ice for 45 min, followed by adding 
protease inhibitor and 250 µL of 40% w/v sucrose. The Sigma protease inhibitor cocktail, prepared 
following the manufacturer’s protocol, was used, with approximately 20 mg added per sample, 
which in retrospect was 10x greater than suggested. Following incubation at room temperature for 
5 min, the samples were centrifuged at 14,000g for 10 min at 4°C and the soluble periplasmic 
fractions were collected. 
Purification by chromatography through affinity to a Ni–NTA column 
The concentration of the induced culture soluble fraction was measured by absorbance at 
280/260 nm as 3.2 mg/mL, for a total protein mass of 40 mg. This was several orders of magnitude 
lower than expected to be released from the cell cytoplasm, likely due to poor cell lysis. Lysis of 
gram-negative cells, such as E. coli, is often performed with both 1 mg/mL of lysozyme and 2 mM 
EDTA, but the latter was not used to prevent protein denaturation (Birdsell and Cota-Robles 1967). 
This formulation is not likely to denature much if any of the CelA protein and so this method may 
be used in future work. Alternately, the cell pellet could be lysed by mechanical shear through a 
French press, or through repeated freezing and thawing cycles. Unfortunately none of these 
corrective measures were taken, and this severely limited the protein yield from this fermentation. 
However, this processing was valuable in establishing the purification scheme and producing a 
small but useful quantity of the fusion protein. 
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The induced soluble fraction, except for a saved sample of 100 µL, was passed through a 0.22-
µm sterile filter and loaded onto the Ni–NTA column through the pump at 0.3 mL/min. The 
column was used with the previously described binding, wash, and elution buffers. The scales of 
the nonbinding and elution peaks were larger than the previous runs, due to the larger quanity of 
protein loaded onto the column, but the general binding characteristics remained the same (Figure 
16). One important procedural note was that the soluble fraction was added directly to the column 
and, although this can be acceptable for small volumes, it is a poor practice and should avoided. A 
better practice to be used in future work is to dilute the sample with 2x binding buffer. The volume 
of the elution peak was 4.7 mL and both it and the nonbinding peak were saved.  
 
 
 
 
 
Figure 16. CelA fusion protein purification on a Ni–NTA column. The broad peak A did not bind 
to the column, and peak B is the elution fraction. The column was equilibrated in binding buffer, 
loaded with sample, rinsed with binding, wash, and elution buffers, as shown on the UV280 
chromatogram (right to left). 
Purification by gel filtration chromatography using P-100 resin 
A 1.5-cm diameter, 108-cm high gel filtration column of Bio–Gel P–100 resin (Bio–Rad) was 
equilibrated in 50 mM Tris–HCl, pH 8.0, for a day before use. The column was operated at room 
temperature at a flow rate at 6 mL/h, which was below the maximal recommended linear flow rate 
for this resin of 5 cm/h, corresponding to 8.9 mL/h for this column (Deutscher et al. 1990). The 
column head was stable with approximately 10 cm of buffer, but this was removed before loading 
the sample onto the column. The Ni–NTA elution fraction (4.2 mL) was loaded onto the column 
by gravity flow, and then the column head was restored and the pump was resumed. A single 12-
mL protein peak began 15 h after loading the column, corresponding to approximately 90 mL of 
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buffer exiting the column before protein elution, or approximately half of the total column volume 
(Figure 17). The total volume of buffer run through the column was 130 mL. The absorbance 
detector was turned off before the small proteins and salts, which including imidazole and NaCl, 
were recorded leaving the column.  
 
 
 
 
 
Figure 17. Gel filtration purification on P–100 resin. The loaded sample was the two pooled 
elution peaks from Ni–NTA chromatography. An approximate time scale is shown, as well as the 
loading and elution steps, on the UV280 chromatogram (right to left). 
Concentration by ultrafiltration 
The collected elution peak from the P–100 run was concentrated and desalted using a 30 
MWCO Vivaspin PES (Sartorius) spin column. The pooled elution peak was 12 mL, and all but 
500 µL was pipetted into the spin column. It was centrifuged in a 25° fixed angle rotor at 8,000g 
for 15 min following the manufacturer’s protocol, which was sufficient to reduce the volume to 
less than 500 µL. The concentrated solution was washed three times, each time by adding 
approximately 15 mL of 10 mM Tris–HCl buffer, pH 8.0, and then by concentrating through cen-
trifugation as described above. This protocol removes approximately 98% of any contaminating 
salts, most of which will have already been removed by gel filtration. The final volume of the 
purified CelA fusion protein was 550 µL, with an estimated concentration of 3.2 µg/µL, 
determined by absorbance at 280 nm with the Nanodrop®. A more reliable test, BCA, gave the 
concentration as 0.8 µg/µL.  
2D gel electrophoresis analysis of CelA fusion protein purity 
Two-dimensional electrophoresis was conducted by the ISU Protein Facility with isoelectric 
focusing (IEF) performed on a 3–10 pI strip followed by gel electrophoresis on a 7-cm 12% acryl-
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amide gel (Figure 18). The sample volume was 15 µL of the concentrated CelA fusion protein, for 
an expected mass of 50 µg, based on the UV280 absorbance. The IEF stage used an average voltage 
of 4130 V and 29400 V-h total. The acrylamide gel was run with 180 V followed by staining with 
Coomassie Blue. Protein migration did not occur properly, possibly due to protein agglomeration, 
Figure 18. 2D gel electrophoresis of the 
CelA fusion protein, isolated from the 
cytosolic soluble fraction, purified by 
affinity and gel filtration chromatography, 
and concentrated by ultrafiltration. 
 
 
 
resulting in two bands forming, neither of which reached the expected size of 54 kDa. The ISU 
Protein Facility suggested that there was no indication that these two bands indicate separate 
proteins but instead that the sample protein appeared pure within the detection limit of Coomassie 
Blue staining.  
The PI of the bulk of the CelA fusion protein was estimated from the IEF strip as 6.15, and all 
of the protein was within the range of PI 6.05 and 6.19. The theoretical PI for the CelA fusion 
protein, based on the amino acid sequence, was estimated using an online bioinformatics tool 
(available at www.bioinformatics.vg/sms/protein_iep.htmL) as 5.44. For reference, the theoretical 
PIs for the entire CAC0915 protein and GH44 PfamB regions were 5.06 and 4.90, respectively. 
SDS–PAGE analysis of the CelA fusion protein purification scheme 
As previously mentioned, 500-µL samples of the fermentation fraction and purification 
samples were saved to evaluate the purification scheme by SDS–PAGE analysis, to quantify the 
protein concentrations by BCA, and to evaluate enzymatic activity by the tetrazolium blue assay 
(Smith et al. 1985, Jue and Lipke 1985). A SDS–PAGE gel was prepared with the preinduction 
and induction harvest (induced +4 h) samples, which were very similar to those shown in Figure 
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15. Samples from each purification step, and other fermentation fractions of interest, were diluted 
with 2x reducing buffer, each to 1x concentration, and all samples and standards were boiled for 4 
min. The gel used was a precast 4–20% polyacrylamide gel (Bio–Rad), and this gel was run with 
the previous SDS–PAGE gel. Therefore the run and stain conditions are identical to those of 
previous runs.  
Some important observations from this SDS–PAGE run can be made about the effectiveness of 
each step of the purification scheme (Figure 19). Although the contrast against the background is 
poor for soluble fraction lane, careful observation shows a clear presence of the target protein and 
more than a dozen other distinct proteins of similar intensity. The next purification stage was 
affinity chromatography with the Ni–NTA column, and this stage was effective in removing most 
of the contaminating proteins. The primary proteins that remained were approximately 90, 60, 25, 
and 10 kDa, as estimated using the broad range standard (Bio–Rad). The eluted peak from gel 
filtration, which unfortunately also shows poor contrast to the background, appears to have 
removed the 60- and 10-kDa proteins. Finally, ultrafiltration shows the final processed form of the 
protein, which still has 90- and 25-kDa contaminating proteins. This sample has been visualized 
two other times, by 2D gel electrophoresis (Figure 18) and on the other SDS–PAGE gel (Figure 
15). The 2D gel showed no other contaminating proteins with Coomassie Blue staining. Even the 
other SDS–PAGE gel appears to show essentially pure protein, and it was stained with both silver  
Figure 19. CelA fusion protein (size 
marked) purification stages. 11) pre-
induction, 12) induced +4 h, 13) sol-
uble fraction, 14) Ni–NTA elution 
peak, 15) P-100 elution peak, 16) 
purified protein, 17) osmotic shock, 
18) concentrated broth, 19) broth 
permeate, 20) broad-range standard. 
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stain and Coomassie Blue. The difference between these two SDS–PAGE samples was that lane 16 
was loaded with twice as much protein as lane 2 to detect these trace contaminating proteins. The 
CelA fusion protein appears to be >95% pure, based on these three instances of visualizing the 
protein, and since it required such gross overloading before the contaminants were visible. A final 
polishing step on an anion-exchange resin is recommended for future work before attempting to 
crystallize the CelA fusion protein. 
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PROTEIN CHARACTERIZATION 
Substrate specificity and dependence of activity on pH 
Agarose plates of 0.5% substrate in 50 mM potassium phosphate buffer at pH 7.1 were 
prepared with low-viscosity CMC (Sigma), Avicel (Fluka), and larchwood xylan (Sigma), based 
on possible activities of CelA. Lichenan consists of β-1,3 and β-1,4 glycosidic bonds, and other 
GH44 domains are active on this substrate, but it was unavailable for testing. Xyloglucan was also 
unavailable for testing. Purified protein (2 µL, or approximately 1.6 µg) was spotted onto the each 
of these plates and then incubated at 37°C for 2 h before staining with 1 mg/mL Congo Red 
reagent and destaining with 1 M NaCl (Theather and Wood 1982). The CMC and xylan plates 
showed distinct clearing zones, while the Avicel plate did not. This is the first report of any type of 
activity in CAC0915. As detailed in the literature review, xylanase activity has been previously 
discussed for other GH44 catalytic domains (Gibbs et al. 1992, Frangos et al. 1999, Cho et al. 
2006). No activity on crystalline cellulose was expected due to the lack of a CBM, which is almost 
always necessary for hydrolysis of that form of substrate.  
The soluble fraction from the noninduced fermentation was also tested and showed some 
activity on the CMC and xylan plates. Leaky expression of a recombinant protein, such as was 
observed here, can be attributed to a low level of induction due to trace lactose present in LB 
media. 
The activity of the CelA fusion protein was determined against CMC and xylan across a broad 
pH range to determine the optimal values for each substrate. Buffers of 100 mM and pH 3, 4, and 5 
were prepared with sodium citrate–citric acid, pH 6, 7, and 8 with monobasic–dibasic potassium 
phosphate, and pH 9, 10, and 11 with sodium carbonate–sodium bicarbonate. Using each of these 
buffers, separate substrate stocks were prepared for 2% CMC and 2% xylan. The reducing sugars 
liberated by enzymatic activity were determined using the tetrazolium blue assay, using 1 µg (1.2 
µL) of the purified CelA fusion protein, 18.8 µL of buffer and 20 µL of substrate (Jue and Lipke 
1985). Indentical mixtures without enzyme, but with 10 mM Tris-HCl, pH 8.0, were used as 
sample controls. The samples and controls were incubated in a water bath at 37°C for 1 h. 
Following incubation, 4 mL of the tetrazolium blue reagent was added to the samples, controls, 
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and glucose standards (which were not incubated), and then all of these samples were placed into a 
water bath held between 95 and 99°C for 3 min. Samples were rapidly cooled to room temperature 
and measured at an absorbance of 660 nm. The optimal pH values for activity on CMC and xylan 
were both mildly acidic, specifically pH 5 for CMC and pH 6 for xylan. The relative CMCase and 
xylanase activities were less than 50% below pH 5 and above pH 7 (Figure 20). The specific activ-
ities at 37°C at their optimal pHs were 7.8 and 5.9 U/mg against CMC and xylan, respectively, 
where 1 U = 1 µmol reducing sugar/mg protein-min.  
Figure 20. Relative activity of 
CelA against CMC and xylan as a 
function of pH, with 1-h 
incubations at 37°C. 
 
 
 
 
Temperature effects on activity 
The effect of temperature on CMCase activity of the CelA fusion protein was measured in a 
few different ways, but some of the results seem to conflict and require additional testing. The 
thermostability of the enzyme without substrate was measured by incubating 1 µg of the purified 
CelA fusion protein and 18.8 µL of 100 mM potassium phosphate, pH 4, for 1, 3, and 4 h at 50°C. 
Following that incubation, 20 µL of 2% CMC in 100 mM potassium phosphate, pH 4, was added 
and the samples were incubated at 37°C for 1 h and reacted with the tetrazolium blue reagent as 
previously described. Suprisingly, none of those samples showed any activity, indicating that this 
enzyme is not stable for even 1 h at 50°C without substrate.  
Another set of samples was incubated with the substrate for 5 h at 50°C followed by addition 
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activity at 50°C, this is striking compared to the lack of activity of samples incubated at 50°C 
without substrate. This suggests that CelA is stabilized by CMC, as has been reported for at least 
one other GH44 member (Lüthi et al. 1991).  
A final method of measuring the temperature dependence created some uncertainty about these 
temperature results. Samples of enzyme, buffer, and CMC substrate at pH 4.0 were prepared as 
previously described and incubated at 15, 22, 30, 37, and 50ºC for 1 h before adding tetrazolium 
blue reagent and boiling the samples. The 50°C sample was tested in a separate run than the others, 
and some variability has been observed between identical samples tested under separate runs. 
These results showed that the specific activity of CelA generally increased with temperature, with 
the highest activity at 50°C (Figure 21). It is unfortunate that separate testing runs were necessary 
in characterizing the protein due to the apparent conflicts among some of the results. Additional 
characterization of the activity across a larger temperature range will need to be performed, as well 
as expanded testing of enzyme thermostability without the presence of substrate. 
Figure 21. Specific activity 
on CMC of the CelA fusion 
protein, at pH 4.0 with 1 h 
incubation at the stated 
temperature.  
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FUTURE WORK 
The research presented here shows that a purification scheme has been developed for the C-
terminal histidine fusion protein of the catalytic domain of the GH44 enzyme, CAC0915, from C. 
acetobutylicum ATCC 824. This purification scheme is sufficient to purify the protein to the 
necessary purity to begin crystallization screening. Another 2–3 L fermentation will need to be 
performed and the cells should be lysed using a French press, since the enzymatic method did not 
adequately lyse the cells. Lysis should take place in the Ni–NTA binding buffer, which maintained 
protein solubility, and so it is not necessary to use the buffer selected for its high protein solubility. 
The soluble fraction should be processed with the Ni–NTA and P–100 columns as described 
before. Samples within the P–100 elution peak should be collected separately and not pooled, and 
then assayed for activity by Congo Red, in case a subregion of the elution peak shows greater CelA 
purity. The selected fractions will need to be concentrated using a Vivaspin PES 30-kDa MWCO 
tube. A final addition step not used previously is that the sample should be run on an anion-
exchange column, with separate elution peaks collected and assayed for activity. A final concen-
tration and desalting step will be necessary using a Vivaspin column in order to concentrate the 
protein as much as possible before using it for the screening of crystallization conditions using the 
Hampton screen. 
Protein characterization can continue using the remainder of the protein already produced, but 
some testing of a future batch of protein may also be beneficial. It will be necessary to generate 
more data to determine repeatable specific activities with both temperature and pH. It will also be 
necessary to determine the activity from each purification stage in order to quantify protein 
purification.  
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APPENDIX 
The codon-bias adjusted sequence, CAC-1, was designed to produce a recombinant protein 
containing amino acids 1–541 of CAC0915. The amino acid sequence that was produced and 
characterized in the bulk of this thesis contained only the PfamB region of CAC0915, and an 
additional methionine to start translation and the C-terminal histidine tag. Prior to pursuing the 
CelA fusion protein, a recombinant protein was produced that contained PfamB, but also the 33 
amino acids preceding it. As shown in Table 3, the Pfam multiple sequence alignment of 
CAC0915 identified that region containing a signal peptide and an overlapping transmembrane 
region. These regions were retained for the recombinant protein, expecting that it would be 
excreted from the cell into the broth, and this would facilitate protein purification. However, the 
potential impact of a transmembrane region, which can cause a protein to be membrane-bound 
making a protein very difficult to isolate, was not recognized and may explain the challenges that 
were encountered with that direction of the research. Note that this area of research was conducted 
with Warner (2007). 
The CAC0915 containing pST1Blue plasmid, provided by Megabase, was digested with 
BamHI to remove the gene, nondirectionally cloned into pET-11a, and transformed into E. coli 
BL21 (DE3). The transformed cells were grown on LB/Carb plates and replica-plated onto LB/ 
Carb/IPTG plates. Again after growth, an agar overlay containing 0.5% CMC was poured onto the 
LB/Carb/IPTG plates and allowed to set for 12 h before being stained with Congo Red. Several 
colonies exhibited CMCase activity, but the one that appeared to show the greatest activity was 
selected from the source plate and grown overnight on LB/Carb media and deposited for storage at 
–80°C. 
The recombinant protein, CAC-1, was grown on autoinduction media (Terrific Broth supple-
mented with 2 mM MgSO4, 5 µM Fe2(SO4)3, 0.05% glucose, 0.2% lactose, 25 mM succinate and 
an additional 1.5% glycerol) in a 50-L Braun fermenter in the Iowa State University Fermentation 
Facility (Studier 2005). The fermentation was maintained at 20°C and pH 6.7, with agitation at 200 
rpm and air sparging, and was harvested once it appeared to reach the stationary phase. The broth 
and cells were separated by ultrafiltration on an Amicon DC10-L through a 10-kDa polyether-
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sulfone hollow-fiber membrane, which also concentrated the broth. The cells were separated from 
the resulting slurry by centrifugation at 10,000g and processed to extract the periplasmic proteins 
(Tkac et al. 2004). The cell-free broth was dialyzed with a 10-kDa regenerated cellulose membrane 
and buffer-exchanged into 50 mM potassium phosphate, pH 7.5.  
Specific activities for the concentrated and cell-free broths were determined with the tetra-
zolium blue assay, and were 2.6 x 10–3 and 2.9 x 10–3 U/mg, respectively. Specific activity 
increased to 5.8 x 10–3 U/mg in the dialyzed cell-free broth. The tetrazolium blue assay was 
performed with 4% CMC in 50 mM potassium phosphate, pH 5.8, with incubation times for ≥20 h 
at 50°C (Jue and Lipke 1985). Protein concentrations were determined by two methods, the 
bicinchoninic acid protein assay and A260/A280 absorbance (Smith et al. 1985). 
To purify CAC-1, concentrated broth samples were precipitated with (NH4)2SO4 at increments 
from 10–90% saturation. Soluble fractions were collected and spotted on CMC plates and stained 
using Congo Red to detect any CMCase activity, indicating the presence of CAC-1, assuming it 
did not denature (Harris and Angyal 1989). Clear zones were observed above 30% saturation, with 
increasing intensity up to 60% saturation, indicating that CAC-1 precipitated in that range. The 
precipitated proteins were collected for the tested (NH4)2SO4 concentrations and visualized by 
SDS-PAGE, but the expression of CAC-1 was low, making it difficult to identify the protein and 
impossible to confirm the effectiveness of the (NH4)2SO4 precipitation range.  
Enzymatic activity of the precipitated fractions by tetrazolium blue showed that protein 
samples that precipitated below 35% saturation had higher specific activities than those in the 35–
60% saturation range, 1.3 x 10–3 and 2.8 x 10–4 U/mg, respectively. To quantitatively determine the 
appropriate precipitation range and increase specific activity, dialyzed cell-free broth samples at 
various (NH4)2SO4 saturations were assayed with tetrazolium blue. Based on those results, CAC-1 
precipitated out in the 40–60% saturation range, but experienced a decrease in activity in the 
precipitation process. This loss of activity made this an undesired step for the purification of  
CAC-1, but by accepting marginal yields of protein and precipitating with (NH4)2SO4 below 40% 
saturation, some decree of purification from contaminating proteins could occur. 
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Following ultrafiltration and (NH4)2SO4 precipitation, a series of chromatographic resins were 
investigated to purify CAC-1 including gel filtration, anion exchange, and hydrophobic interaction 
chromatography, which separate proteins based upon size, charge, and hydrophobicity, 
respectively. Preliminary testing to purify the target protein was conducted on the gel filtration 
resins Bio–Gel P-100 (Bio–Rad) and Sephadex G-75 (Sigma); the anion-exchange resins DEAE-
Sephadex A-25 and A-50, DEAE-Sepharose, and Q-Sepharose; and the hydrophobic interaction 
resin phenyl-Sepharose 6 Fast Flow (all Amersham Biosciences). This course of research was 
discontinued after repeated unsuccessful efforts to purify the recombinant protein. This was a 
particularly challenging task due to the low expression of CAC-1. For reference, after performing 
the latter research on the CelA fusion protein, the levels of production of CAC-1 could probably be 
compared to the low levels of production observed in the noninduced fermentation. It was 
presumed, although never proven, that the low production of CAC-1 was the unfortunate 
consequence of the presence of the signal peptide and transmembrane regions, which was the 
motivation for pursuing a recombinant protein comprised solely of the PfamB region. 
 
